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Abstract
Metallic nanoparticles on surfaces have applications in biosensing, reaction monitoring, and solar
energy harvesting etc. due their unique properties which are absent in the bulk metal. The size,
spacing, shape, areal density and stability are some of the key parameters that determine suitability
in applications. Metallic thin film melting in air has been investigated to produce nanoparticles as
a relatively inexpensive approach with a predictable size and spacing. However, the main limitation is independent control of particle size and spacing. Recently, Yadavali and Kalyanaraman
[1] showed that laser melting of Au films under glycerol lead to the independent control of particle size and spacing. This dissertation is focused on understanding of the behavior of nanoscale
Ag metallic systems heated under bulk fluids. Ag thin films, irregular nanostructures, single and
bilayer nanopyramids were fabricated using e-beam evaporation and nanosphere lithography then
heating either by furnace annealing or nanosecond laser heating in vacuum, air and water-glycerol
mixtures. Annealing of Ag/Co bilayer nanopyramids in air at temperature between 373 K to 573
K led to the discovery of the kinetic anchoring mechanism where the high surface energy and lower
surface diffusivity of cobalt resulted in the Ag shape stabilization. Nanosecond laser heating of
discontinuous Ag nanostructures under water produced a monomodal distribution of nanoparticles
with smaller sizes than in air. High pressure gradients generated in the water vapor phase were
attributed to this phenomenon. Pulsed laser melting of nanopyramids and thin films under waterglycerol mixtures produced nanoparticles with higher contact angles than in air. This was explained
by the change of interfacial energies of quartz and metal surface by introduction of bounding fluids.
Finally, nanosecond laser heating of nanopyramids and thin films beyond the boiling temperature
of silver led to explosive vaporization in vacuum resulting in formation of small nanoparticles due to
re-deposition onto the substrate. Overall, the thermodynamic properties and dispersive properties
of the bounding fluid were found to play important roles in the Pulsed Laser Heating Under Fluids
or PLHUF process.
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Chapter 1

Introduction
The goal of this dissertation was to investigate and understand the interesting phenomenon that
occur when thin films and nanostructures are heated, melted or vaporized by nanosecond laser
pulses or thermal heating processes under various ambients, including, vacuum, air and fluids. In
addition, we also aimed to apply these effects to fabricate metallic nanoparticles with controlled
shape, size, spacing and areal densities. Nano-sized metallic materials have been shown to exhibit
properties that can differ substantially from bulk material. For example, metallic nanoparticles
with size comparable to the wavelength of light and embedded in dielectric media can exhibit
strong optical resonances called localized surface plasmon resonances (LSPRs) that are due to the
collective cohesive oscillations of the free electrons near the metal surface [5, 11, 12, 13, 14]. From
the viewpoint of applications, the central characteristics of the LSPR are its energy, bandwidth
(the width of the LSPR absorbance peak at half maximum), and decay length (the distance from
the surface over which its intensity drops to 1/e of its peak value). The interest in LSPRs stems
from how one or more of these characteristics interact with electromagnetic energy, especially when
the nanostructure is embedded in a given dielectric medium. For instance, tunability in LSPR
wavelength (λLSP R ) means that light with specific wavelengths can be resonantly coupled, enabling
efficient optical spectral filters as well as enhanced light trapping for solar cells, improving their
efficiency [15, 16, 17]. Excellent coupling of LSPR with EM waves in sub-wavelength nanostructures
has resulted in a wide range of imaging applications that essentially overcome the diffraction limit
of light [18, 19, 20, 21]. Narrow bandwidth (i.e. low loss) enables propagation of plasmon modes
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over large distances (several microns), which have useful applications in optical computing and in
high frequency switching for optical communication [22, 23, 24, 25].
One of the most fertile fields of applications of metallic nanostructures with narrow LSPR bandwidths relates to their large sensitivity to small changes in the dielectric function of the surrounding
medium [18, 26, 27]. This effect is the underlying foundation of a whole host of biological, biochemical, and environmental sensing and detection techniques such as surface enhanced raman sensing
(SERS) [28, 3], LSPR sensing [2, 29, 30], and surface plasmon resonance sensing [31, 32]. For
instance, as depicted in Figure 1.1a, LSPR behavior exhibited by silver nanostructures was employed in the sensing of biomolecules like amyloid derived diffusable ligands (ADDLs) and specific
anti-ADDL antibodies.
Shifts in the LSPR wavelength was monitored by varying the concentration of antigen and
antibodies, and this can be used to reveal the binding constant of these two biomolecules [2]. In
Figure 1.1b, the enhanced Raman scattering that is shown when biomolecules are bound to metallic
nanostructures with strong plasmonic signatures was used to build SERS sensors [3]. Recently. Taz
et al also demonstrated that a combination of in-situ LSPR studies and ex-situ SERS investigations
could yield important insight into the growth mechanism of CdS thin film deposited by chemical
bath deposition [33]. There is also a lot of interest in utilizing the LSPR behavior of metallic
nanostructures in areas related to solar energy harvesting through more efficient light capture in
thin film solar cells [34, 35, 36], enhanced photocatalysis [37, 38, 39], and by improvements artificial
photosynthesis involving conversion of light by biological molecules such as Photosystem I through
engineered interactions with plasmonic systems [40].

1.1

Noble metal nanostructures

When one reviews the literature of plasmonic related applications, it becomes readily apparent
that there are only a handful of metals that appear to find widespread application in LSPR and
SERS applications. These are the two noble metals Au and Ag, and the reason is because of the
extremely long relaxation time for the cohesive electron oscillations in these metals. As a result,
the plasmonic quality, as measured by the quality factor, tends to be extremely large in these noble
2

(a)

(b)

Figure 1.1: (a) Schematic setup of LSPR based biosensor for biomolecules detection. (b) Schematic
illustration of cytochrome c (Cyt-c) molecule adsorption on surface functionalized gold (yellow
colored region) nanohole array. Images taken from [2, 3].

3

metals [41]. In fact, Ag has the highest optical cross-section (more than 4 times that of Au [42]) and
more then 2 orders of magnitude higher SERS enhancement than Au [27], which are very important
characteristics for chemical sensing applications [43, 44, 45, 46]. However, the oxidation of Ag under
ambient conditions and the corresponding decrease in the plasmonic absorption intensity, shift in
the LSPR wavelength (λLSP R ) [47, 48], and significant decay of SERS signal intensity [49], pose
serious practical challenges. Recently, our group has shown that bimetallic nanoparticles made by
pulsed laser melting of Ag with Co bilayer thin films lead to corrosion-resistant Ag with substantially
improved plasmonic behavior over long periods of time [50, 51, 52, 53]. Given that Ag is the best
LSPR metal, it is worthwhile mentioning one of the most interesting challenges with the synthesis of
Ag thin films. One of the characteristic features during the vapor phase deposition of noble metals
like silver (Ag) onto solid substrates is the formation of nanoscale island-like deposits during the
early stages of growth making it very difficult to form ultrathin smooth continuous layers. This
has been considered as a big challenge, especially towards the use of metals like Ag, whose optical
properties are making it very attractive as nanoscopically thin and smooth continuous films for
transparent conducting applications in solar energy harvesting devices [34, 35]. On the other side
of this issue, the highly disperse size and spacing of the Ag islands has precluded the direct use
of vapor phase deposition for the synthesis of a spatially dense collection of Ag nanoparticles with
well-controlled size. This attribute is very important in applications related to the localized surface
plasmon resonance (LSPR) properties of Ag [54, 11], such as in biosensing [55, 56], disease detection
[2, 5], in energy harvesting [57, 58], and chemical reaction studies [33]. These challenges, also
generally applicable to many other metallic materials, have led to a variety of different approaches
towards making nanoparticles on a surface, such as deposition from colloidal solutions[59, 60, 61, 62],
beam-based lithography [63, 64, 65], and more recently, nanosphere lithography [66, 67]. Some of
these approaches are reviewed in Sec. 1.2. Another broad approach has been self organization by
first depositing a continuous film followed by thermal processing to initiate and foster solid or liquid
phase dewetting [68, 69, 70, 71, 72, 73, 9, 74, 75, 76]. Lately, nanoparticle fabrication has also
been approached by changing an initial nanostructure system with very well defined shapes, such
as nanowires, nanorings, and nanotriangles [77, 78, 67, 79, 80].
The remainder of this chapter will flow as follows. In Sec. 1.2 we review some of the traditional
metallic nanomaterial synthesis routes and tabulate some of their specific advantages and disad4

vantages. In Sec. 1.3 we describe one of the most widely understood pulsed laser self-organization
processes pertaining to thin film dewetting phenomenon. In Sec. 1.4 we describe the current understanding of the role of fluid ambients on the break-up of thin continuous films into nanostructures.
In Sec. 1.5 we present the outline of the dissertation.

1.2

Review of metal nanostructure synthesis

The metal nanostructures production techniques are generally categorized into either top-down or
bottom-up approach. Nanostructures are created from bulk material by lithographic patterning
by top-down approach. In bottom-up approach, atoms and molecules can be self-assembled/selforganized due to covalent, non-covalent, electrostatic, and intermolecular forces to give rise to
nanostructures. Both approaches have their own unique advantages and disadvantages in terms of
applications and cost of manufacturing.

1.2.1
1.2.1.1

Top-down approach
Photolithography

Photolithography is the most widely used top down lithographic nanofabrication technique. This
method involves replication of 2D pattern from a mask onto thin polymer film (photoresist) on
substrate which is to be patterned [6, 64]. Mask creates its shadow on the photoresist polymer
film on the substrate. Photochemical reaction takes place on the polymer film where light hits and
no reaction occurs in the shadowed region which creates and image of mask. Then this substrate
is dipped in developer chemical where reacted photoresist polymer portions are removed leaving
behind latent image of mask on to the substrate. Then the desired metal is deposited onto this
substrate followed by etching which leaves behind metal nanostructures on the substrate. The size
of the patterns is limited by wavelength of the light due to diffraction effects.
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1.2.1.2

Electron beam lithography (EBL)

High energetic electrons are used in electron beam lithographic technique where wavelength of
the electrons is extremely small [81]. In this technique, high resolution etching and very small
nanostructures can be fabricated compared to conventional photolithography. EBL is a direct write
method where the pattern information is stored in a computer file. Here, high energetic electron
beam is hit on the resist coated metal substrate. The long polymer chains of resist are broken down
by impact of electron beam which travels in a raster scan mode. Then plasma etching is carried out
to remove metal in the resist pattern as shown in the Figure 1.2a [4]. Then this substrate is placed
in developer chemical where remaining resist etched out by leaving metal nanostructures. Metal
nanostructure patterns with clearly defined shape and size can be fabricated using EBL technique
as shown in the Figure 1.2b.

1.2.1.3

Focused-ion-beam lithography (FIBL)

FIBL is also a direct write method similar to EBL but focused energetic beam of metallic ions are
used in FIBL instead of electrons [82, 83]. Complex 2D nanostructures can be fabricated using
FIBL because this process involves etching/sputtering of metal film directly. Gallium ions are used
because of their large atomic mass which increases the effectiveness of sputtering.

1.2.1.4

Nanosphere lithography

Nanosphere lithography technique as shown in the Figure 1.3 is an inexpensive fabrication technique
for creating homogeneous and regular nanoscale pyramids of different sizes [5, 66].
This simple NSL fabrication is divided into two steps, in which the first step is to prepare mask.
Initially the desired substrates are cleaned and then sonicated in 5:1:1 ratio of Deionized water:
ammonium hydroxide: hydrogen peroxide to render the substrates surface hydrophilic nature. The
treated substrates are dipped in solution containing polystyrene beads monolayer and then carefully
move towards the polystyrene beads monolayer and then lift vertically. Upon lifting the polystyrene
beads mask on the substrates and then dried to remove water from the mask. Desired metal is
6

(a)

(b)

Figure 1.2: (a) Schematic of Electron Beam Lithographic process to fabricate nanostructures. (b)
SEM images of gold nanostructures fabricated by Electron Beam Lithography followed by plasma
etching. Images taken from [4].
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(a)

(b)

Figure 1.3: (a) Schematic of Nano Sphere Lithography technique. (b) AFM image of Ag NSL
Pyramids fabricated by NSL technique. Images taken from [5].
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deposited on this polystyrene beads masked substrates. After the desired thickness is reached the
NSL samples are sonicated in organic solvent to etch out polystyrene beads which leaves behind
only Nano-triangular pyramids as shown in the Figure 1.3a [5].

1.2.2
1.2.2.1

Bottom-up approach
Chemical synthesis

Chemical synthesis route is very old and inexpensive technique compared to lithographic techniques.
The basic scheme in chemical synthesis is to start from desired metal salt or metal containing
complex which is dissolved in a solvent where metal ion reduces to zero valence by reducing agent
in the solvent [6]. Then small metal nuclei forms in the solution which grows as reaction progresses.
The size of the nuclei is controlled by capping agents. Figure 1.4 Shows TEM image of gold
nanoparticles formed by chemical synthesis technique.

1.2.2.2

Self-assembly

Metal nanoparticles capped with hydrophobic alkanethiols are dissolved in an organic solvent to
form a monolayer [84, 85]. As solvent evaporates, capped metal nanoparticles are brought close
together and self-assemble due to intermolecular forces in to a close packed structure. Similarly, 3dimensionl metal nanoparticle lattices can be created by self-assembly of metal nano crystals shown
in the Figure 1.5 [7]. This process occurs without any external driving force.

1.2.2.3

Self-organization

Metal nanoparticles on the substrates can be easily prepared by spontaneous dewetting of film into
nanoparticles by pulsed laser melting [68, 86]. This phenomenon of spontaneous dewetting is also
observed in thin polymer films where time scale is very lower compared metal thin film due to
high viscosity of polymer film [87, 88]. This process is relatively inexpensive compared to EBL and
9

Figure 1.4: Transmission Electron Microscopy (TEM) image of gold nanoparticles synthesized by
reduction of gold ions (scale bar in the image is 100nm). Image taken from [6].
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Figure 1.5: Silver nanoparticle closed-packed superlattices formed by self-assembly. Image taken
from [7].
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FIB milling to create metallic nanoparticle on surfaces. Here, melted metal film self-organizes into
nanoparticles without any external driving force. Figure 1.6 shows the progression of spontaneous
dewetting of Cobalt (Co) film into nanoparticles.

1.2.3

Advantages and disadvantages of top-down/bottom-up methods

The key nanostructure production techniques with advantages and disadvantages including nanostructure lower size limit are listed in the Figure 1.7. These information and data is taken from
[6, 64, 63, 65].

1.3

Pulsed laser self-organization by metal thin film dewetting

Metal nanostructures can be fabricated using self-organization of pulsed laser melted thin metal
film into nanoparticles also called as spinodal dewetting. In this simple technique, initial smooth
film is transformed into nanoparticles of predictable size and spacing [8, 9]. The driving force for
this spontaneous process is due to free energy minimization of thin film with thicknesses less than
20 nm. Pulsed laser heating of gold thin film’s schematic, SEM morphology and the relationship
between film thickness and diameter are shown in the Figure 1.8.
Gibbs free energy is primarily depends on attractive interfacial forces between substrate/film
and film/gas interface in addition to surface energy of the thin film. This relationship of Gibbs
free energy with metal film thickness has similar characteristics of spinodal phase segregation. The
amplification of inherent perturbations on liquid metal film grows due to attractive interfacial forces
between substrate/film and film/gas interface. This attractive force is quantified by disjoining
Q
pressure ( ) between two interfaces of the system. Any small perturbations in the melted metal
film appears in the form surface waves with lower film thickness at troughs and higher film thickness
at crest of the perturbed wave as shown in the Figure 1.8a. The disjoining pressure at troughs is
higher than crest which leads to continuous reduction of film thickness at trough till melted metal
film breaks at trough and becomes discontinuous and then finally transforms into nanoparticles.
This whole dewetting process undergoes through the stages from film to intermediate and then
12

(a)

(b)

(c)

(d)

Figure 1.6: SEM images of dewetting stages of 2 nm Co film at Laser Fluence of 93 mJ/cm2 after
pulsed laser (pulse width = 9ns) irradiation of pulses (a) n = 10 (b) n = 100 (c) n= 1000 (d) n =
10500.
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Figure 1.7: Comparison of Top Down and Bottom Up approaches.
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(a)

(b)

(c)

(d)

Figure 1.8: (a) Schematic of pulsed laser heating of ultrathin liquid film. (b) SEM morphology 12
nm Gold film heated by pulsed laser for 200 laser pulses, and (c) 10500 laser pulses (d). Relationship
between spacing (length scales) and diameters on film thickness. Images taken from [8, 9].
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to nanoparticles. Dewetting is modeled by solving Navier-Stokes mass transport equation using
lubrication approximation where instantaneous thickness/height of the film is modeled as shown in
Q
A
the Eq. 1.1. This includes surface tension of the film (γ) and disjoining pressure term ( = 6πh
3)
o

which takes into account of attractive forces between substrate/film and film/air interfacial forces
though Hamaker constant A.
∂h(x)
h3 ∂ ∂
∂ 2 h(x) dΠ
=−
{γ
+
.h(x)}
∂t
3µ ∂x ∂x
∂x2
dh

(1.1)

This above equation is solved using linear stability analysis with boundary conditions as no(z=h)
slip at substrate/film vz = 0 at z = 0 and no shear stress at film/gas interface as ( ∂vz ∂x
=0

). The instantaneous perturbation on film/air interface is assumed to be sinusoidal as, h(x) =
ho + sin(kx)cos(ωt). These conditions give a dispersion relation where deformation rate (ω) of the
perturbation and wave vector k as

ω=


h3 
−γk 4 − Πh k 2
3η

(1.2)

A
In the above, Πh = − 2πh
4 where negative value indicates an attractive force between sub-

strate/film and film/gas interface. Even though any perturbation with wavelength can grow, only
certain perturbations of wave length λsp = 2π/km grows faster (Figure 1.8b) with maximum growth
rate (km ) of perturbation into nanoparticles as shown in the Figure 1.8c
r
λsp =
Spinodal dewetting time scale (τsp =

2π
ωm )

16π 3 γ 2
h
A

(1.3)

at λsp and km is calculated as

τsp =

96π 3 γηh5
A2
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(1.4)

1.3.1

Limitations of spinodal dewetting

The main disadvantage of spinodal dewetting is dependence of spacing (length scales = λ) and sizes
of the nanoparticle on surface tension (γ) , hamaker forces (A) and the initial film thickness (h) as
shown in the equation below and the Figure 1.8d
q
1
3
λ = 16πA γ h2 , and D = c (θ) (λ2 h) 3
For a given thin film material, the only way to increase or decrease the spacing and sizes is
varying the film thickness (h) of the thin film. Independent control of sizes for given spacing or vice
versa is crucial from application aspect.

1.4

Pulsed laser self-organization by the Rayleigh-Taylor like instability under fluids

Recently, nanoscale Rayleigh-Taylor metal film self-organization is reported where decoupling of
nanoparticle spacing (length scales) from the film thickness is achieved [1]. When immersed metal
film is heated rapidly by short laser pulses, gas region forms at the film/liquid interface. The
temperature drops rapidly from metal film/gas interface to gas/liquid interface similar to formation
of temperature gradient in the melted metal film. Thickness dependent gas pressure gradient forms
on inherent perturbed wave as shown in the Figure 1.9a where gas pressure at trough is higher than
crest of the metal film/gas interface. The SEM morphology of gold nanoparticles and relationship
between lengthscales and film thickness are shown in the Figure 1.9b–c. This destabilizing gas
pressure gradient magnitude across the metal film/gas interface is larger than destabilizing disjoining
forces. The spacing of nanoparticles (length scales) depends on the magnitude of pressure gradients
which is readily tunable by magnitude of pulsed laser fluence as shown in the Figure 1.9d.
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(a)

(b)

(c)

(d)

Figure 1.9: (a). Schematic illustration of Rayleigh-Taylor(RT) instability mechanism due to thermally induced pressure gradients. (b) SEM image of gold nanoparticles fabricated on quartz substrate from pulsed laser melting of 4 nm gold film in glycerol at laser fluence of 80 mJ/cm2 . (c)
Relationship between spacing (length scales) and diameters with gold film thickness. (d) Variation
of nanoparticle spacing with laser fluence. Image taken from [1].
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1.5

Outline of dissertation

A concise overview of the work performed in this thesis is shown Figure 1.10, including the temperature range, heating time scales, heating ambient, morphology type and characterization techniques
used.
Based on the motivation to understand the transformation of Ag thin films and nanostructures
into functional nanoparticles with well-defined size and spacing under liquids presented in Sec. 1.4,
a systematic experimental and theoretical study of the role of fluid on nanoparticle formation from
metallic discontinuous nanostructures and discrete nanopyramids was explored. The role of the
under-fluid on the contact angle of nanoparticles formed from nanopyramids and thin films was also
studied. From the application aspect, the thermal and plasmonic stability of metallic nanopyramids
were studied under thermal heating conditions.

1.5.1

Chapter 2: Experimental methods and techniques

In this chapter, we described the various experimental methods, characterization techniques, and
image analysis followed for the research tasks.

1.5.2

Chapter 3: Thermal and plasmonic stabilization of silver nanostructures
using a bilayer anchoring technique

Metallic nanoparticles exhibit unique properties that are absent in bulk form. When light of specific
wavelengths impinge on metallic nanoparticles of size less than or comparable to the wavelength,
strong resonances due to the collective oscillation of electrons can be excited, called localized surface plasmon resonances (LSPR’s) [89, 11, 90, 5]. Strong electromagnetic fields are produced in the
vicinity of the nanoparticle at the LSPR [89, 91, 92, 28]. The wavelength location of the LSPR
varies with size, shape and composition of the nanoparticle and is also very sensitive to changes in
the refractive index of medium surrounding the nanostructure [93]. This variation of peak position
with surrounding environment’s refractive index has been employed in applications like LSPR based
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Figure 1.10: Outline of dissertation.
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sensing [30, 2] and in energy harvesting by solar cells [16]. The large electric field around the nanostructure has also been partly attributed to the greatly enhanced Raman scattering intensity, often
referred to as Surface Enhanced Raman Scattering (SERS) and is the basis for SERS detection and
sensing devices [28, 91, 94]. Due to their unique properties, such as long electron relaxation times,
Ag and Au are the most widely used metals in LSPR and SERS devices. Recently, nanosphere
lithography (NSL) has been used to create Ag nanotriangular pyramid structures which have higher
refractive index sensitivity than spherical Ag nanoparticles [90]. For instance, the fabrication of Ag
nanotriangular pyramids by nanosphere lithography (NSL) technique, which is a relatively inexpensive and simple technique [66? ], has enabled plasmonic studies using nanostructures free of the
capping molecules often required in chemical synthesis routes. The presence of capping molecules
can limit the subsequent surface functionalization of the nanostructures, after a critical limitation
[95, 7]. Ag NSL nanotriangular pyramids have been used recently to enhance photo current of PS
I (Photosystem I) deposited onto Ag for solar cell applications [40], a study that would be much
harder to do for Ag nanostructures with capping molecules. Ag NSL nanotriangular pyramids have
also been used in biosensors functionalized with anti-ADDL antibodies to detect antigen ADDL
which is linked to early onset of Alzheimer disease up to femto Molar (fM) concentration of ADDLs
in brain extract [2].
Ag has many advantages over Au, such as lower cost and its higher plasmonic quality factor,
which is a measure of the sharpness of the resonance and is defined as the ratio of energy position
of the resonance to its bandwidth (or full width at half maximum). However, the poor stability of
Ag to environmental conditions, such as degradation by the local environment through oxidation
[50, 96, 52] as well as its rapid change under thermal processes has led to Au being the preferred
plasmonic nanostructure of choice. When Ag nanoparticles fabricated on a substrate are exposed to
high temperatures, they are known to coalesce or change shape, thus resulting in substantial changes
to their LSPR signal [97, 98]. This instability of particle shape and/or its size due to coalescence and
ripening under high temperature exposures severely limits the application of Ag to any potential
high temperature plasmonic application. For instance, plasmonic devices that have stable LSPR
peak position at elevated temperatures can enable in-situ monitoring of reactants and products in
chemical reactions above room temperature [99, 100] or be applied in SERS based sensors to detect
molecules at elevated temperatures [101, 102, 103].
21

Shape stabilization of nanotriangular pyramids at elevated temperatures has been reported in
literature. Whitney et al., performed experiments to check the shape stability of Ag nanotriangular
pyramids coated with thin layers of aluminum oxide deposited by atomic layer deposition [104].
These aluminum oxide coated Ag nanotriangular pyramids were annealed up to 773 K for time
periods ranging from 1 to 6 hours and optical spectra was obtained to monitor the changes in peak
position at each annealing temperature. They found that Ag nanotriangular pyramids coated with
aluminum oxide were stable in terms of shape and demonstrated lower LSPR peak shifts relative to
bare Ag nanotriangular pyramids. Similar set of Ag nanotriangular pyramids coated with aluminum
oxide were irradiated by femtosecond laser pulses and morphological changes and LSPR peak shift
were investigated by Sung et al., to study stability [105]. Their conclusion was that aluminum
oxide coating significantly increased shape stability and reduced the LSPR peak shift following
laser irradiation compared to uncoated Ag nanotriangular pyramids. They attributed this stability
to lower surface diffusivity of Ag atoms at Ag-Aluminum oxide interface compared to Ag atoms
on bare Ag surface. Pinkhasova et al., reported annealing of colloidal Ag nanoparticles produced
by chemical synthesis route on porous anodized aluminum oxide foil [106]. They found that the
rate of coalescence of Ag nanoparticles on anodized aluminum oxide is lower than Ag nanoparticles
annealed on Si surface. They concluded that Ag nanoparticles edges are physically locked around
the pores of anodized aluminum oxide which prevented the mobility of Ag nanoparticles. From an
application perspective, Ag nanostructures that are coated result in the absence of a pristine Ag
region leading to some potential disadvantages. One is that the enhanced electromagnetic field as a
result of the LSPR decreases exponentially away from the Ag surface, and thus coatings or capping
layers decrease Raman scattering intensities in SERS phenomenon [28, 5]. Another limitation, also
alluded to earlier, is that capping or coating layers can often prevent Ag surface functionalization.
For example, Biosensor devices utilize Ag surface functionalization with specific biomolecules to
analyze or detect specific analyte adsorbent molecules [107, 93, 30, 2, 108]. Therefore, keeping these
considerations in mind, it would be useful to design Ag nanostructures that have a pristine silver
surface with significantly enhanced stability, such as at higher temperatures.
In this chapter, we explore a simple, yet effective, way to stabilize Ag nanotriangular pyramids
by the use of a Co deposit. There have been recent reports demonstrating that Co metal in contact
with Ag nanostructures can substantially reduce the plasmonic degradation of Ag under ambient
22

room temperature conditions through effects like sacrificial galvanic protection [50, 96, 52, 53].
However, the role of Co in thermally stabilizing Ag has not been investigated. Here, we fabricated
single layer (Ag or Co) and bilayer AgCo (Ag top layer/Co bottom layer) or CoAg (Co top layer/Ag
bottom layer) nanotriangular pyramids using nanosphere lithography combined with vacuum deposition. The annealing of samples were performed in air at temperatures up to 573 K for a duration
of 30 min to investigate the stability of the materials. By utilizing a combination of scanning electron microscopy (SEM), atomic force microscopy (AFM) and optical spectroscopy, the morphology
changes (shape and area) to the NSL structures were quantified with temperature and related to
the optical LSPR signals. The presence of Co led to a significantly enhanced stability of Ag in terms
of nanostructure shape and area and was also evident from the stability of the LSPR signals. These
results showed that Co metal acts to anchor the Ag nanostructures from shape instabilities and it
is possible to stabilize pristine Ag surfaces for use at high temperatures.

1.5.3

Chapter 4: Transformation of irregular shaped silver nanostructures into
nanoparticles by under water pulsed laser melting

It is well known that films of noble metals like silver (Ag), deposited by vapor phase deposition onto
solid substrates, show dispersed island like deposits during the early stages of growth making it very
difficult to form ultrathin smooth continuous layers. This has been considered as a big challenge,
especially towards the use of metals like Ag, whose optical properties are making it very attractive
as nanoscopically thin and smooth continuous films for transparent conducting applications in solar
energy harvesting devices [34, 35]. On the other side of this issue, the highly disperse size and spacing
of the Ag islands has precluded the direct use of vapor phase deposition for the synthesis of a spatially
dense collection of Ag nanoparticles with well-controlled size. This attribute is very important in
applications related to the localized surface plasmon resonance (LSPR) properties of Ag [54, 11], such
as in biosensing [55, 56], disease detection [2, 5], in energy harvesting [57, 58], and chemical reaction
studies [33]. These challenges, also generally applicable to many other metallic materials, have led
to a variety of different approaches towards making nanoparticles on a surface, such as deposition
from colloidal solutions[59], beam-based lithography, and more recently, nanosphere lithography
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[66, 67]. Another broad approach has been self organization by first depositing a continuous film
followed by thermal processing to initiate and foster solid or liquid phase dewetting [? 68, 69, 70, 71,
109, 73, 9, 76, 75]. Lately, nanoparticle fabrication has also been approached by changing an initial
nanostructure system with very well defined shapes, such as nanowires, nanorings, and nanotriangles
[110, 78, 67, 79]. In this work, we take another step forward in nanoparticle formation strategies by
exploring the possibility of starting with a collection of very irregularly shaped nanostructures and
transforming them into a well-defined nanoparticle system.
The work presented in this chapter is largely motivated by our eventual desire to take any given
initial state of a film, such as a collection of island structures, and transform them into a functional
material with a very well-defined nanostructure distribution. Our hypothesis towards being able
to achieve this goal is based on the idea that pattern forming instabilities that produce extremely
small length scales could transform a larger structure, such as a metal island, into much smaller welldefined nanoparticles. Recently, it has been shown that significantly large forces can be generated
at the interface of a solid - fluid environment by the high pressures created when the fluid in contact
with the solid surface rapidly evaporates due to fast heating of the solid. It was shown by Chen et
al. [111] and recently by Yadavali et al. [1], that nanosecond pulsed laser heating and melting of
a solid inside a low boiling point fluid significantly modifies pattern forming instabilities, generally
tending to produce nanoscale features with smaller length scales, then in the absence of the fluid.
The origin of these effects are intricately linked to temperature differences along the surface due to
height fluctuations, which translates into pressure differences along the surface. In this work, we
have first created a well-defined initial state of Ag metal in the form of discrete irregularly shaped
nanostructures and studied their transformation into nanoparticles by pulsed laser irradiation under
water and in air. We investigated the intermediate and final state of the transformation as a function
of laser fluence and and number of pulses applied in the two environments. Our results show that
irradiation under water can profoundly impact the transformation leading to a dense collection of
nanoparticles with a monomodal size. These Ag nanoparticles also show excellent LSPR signals
making them useful for plasmonic applications.
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1.5.4

Chapter 5: In-situ contact angle tuning of silver nanostructures by laser
heating in different fluids

Nanoparticles prepared in solution or on substrates provide a wide arrays of exciting electronic
[112], optical [113], and catalytic [114, 115] properties, that differ from bulk material, and are
strongly linked to their size, shape, and surface area. The surface area of nanoparticles supported
on surfaces is a critical parameter in the applications of supported nanoparticle catalysts [116, 117]
and the efficient adsorption of light absorbing molecules on nanoparticles in dye sensitized-solar
cell applications [118]. For nanoparticles prepared on substrates, the surface area of a nanoparticle
depends on the contact angle made by the nanoparticle, especially when sufficient thermal energy
is provided for the nanoparticle to achieve its equilibrium contact angle [10]. Young’s equation
provides the equilibrium contact angle (θceq ) of liquid droplets under mechanical equilibrium when
on a smooth solid substrate and immersed in a surrounding fluid. The equilibrium condition leads
to the well known relation between the surface energy of liquid droplet (γL ), the surface energy of
the underlying substrate (γS ), and interfacial energy of the liquid-substrate interface (γSL ) given by
γS = γSL + cos(θceq ) [119, 120]. It is generally accepted that for a given droplet, contact angle can
largely be controlled only by varying substrate properties at a fixed temperature. However, it has
been demonstrated experimentally that the contact angle of water droplets on a given surface can be
increased by introducing CO2 gas during the heating of water droplet-substrate system [121, 122].
The theoretical understanding of this behavior based on simulations suggests that change in surface
energy of substrate and water droplet by contact with CO2 can produce contact angle changes
consistent with Young’s equation [123]. One experimental application of this idea has been to control
the wettability of water droplets in order to remove pollutants from the surface of microelectronic
device [124, 125].
However, such investigations of contact angle modification or control have not been explored
in detail in other fluid droplet systems, including metallic systems. Metallic nanoparticles on substrates find applications in Localized Surface Plasmon Resonance (LSPR) [126, 122, 127, 33] and
Surface Enhanced Raman Spectroscopy (SERS) [128, 129] based devices. When plasmon-active
metallic nanoparticles on a surface are exposed to changing refractive index environments, such as
by biological fluids containing different antigens, the plasmon peak position shifts, and this forms
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the basis for sensing. Various characteristics of the plasmonic properties, such as the quality factor
of the plasmon peak and its wavelength position can influence the ability to detect refractive index
changes [5, 130, 93]. For a metallic nanoparticle of given composition and mass, the aspect ratio
influences the dipolar plasmonic peak position as well as the ratio of quadrupolar to dipolar peak
intensity [130]. The aspect ratio (ratio of height to diameter) of spherical cap nanoparticles are
directly related to contact angle on the substrate on which nanostructures are deposited (author?)
[10]. Recently, It has been reported that optical absorption efficiency can be tuned by contact
angle of Ag nanoparticles in plasmonic solar cells [131]. Also, several applications utilizing LSPR
and SERS phenomena involve fluids that surround the nanoparticles and contain molecules to be
adsorbed or analyzed at room temperatures or at elevated temperatures in catalysis monitoring
[99, 132, 133]. Therefore, since there are many conditions in which metallic nanoparticles could
be exposed to a combination of fluid and temperature environments, it is important to understand
whether the contact angle of metallic nanoparticles on a given substrate can be changed.
In this paper, we have explored the existing theoretical idea that it is possible to modify the
contact angle of nanoparticles by heating in different environments by investigating Ag metallic
nanopyramids heated in various fluids. We have fabricated arrays of Ag nanopyramids on quartz
substrates by nanosphere lithography (NSL) and melted then in various fluids (air, water, glycerol)
by nanosecond pulsed laser heating. The ensuing nanoparticles were characterized by scanning
electron microscopy (SEM) for their contact angle and aspect ratio. The nanoparticles ranged from
being nearly hemispherical (for heating in air) to nearly spherical (for heating in glycerol). Theoretical calculations quantitatively predicted the experimentally determined contact angles with good
accuracy, confirming the validity of the theory to metallic nanoparticles. We also applied this approach to study nanoparticles made by dewetting of Ag thin films, and identical contact angle effects
were obtained. Finally, an example of the property change with contact angle was demonstrated by
the changing behavior of the localized surface plasmon resonance of Ag nanoparticles.

1.5.5

Chapter 6: Tuning the density of nanoparticles under explosive boiling

Metallic nanoparticles on surfaces find many applications in refractive index based sensing in Localized Surface Plasmon Resonance (LSPR) [126, 134], Surface Enhanced Raman Spectroscopy (SERS)
26

[135, 136] based and photocatalytic devices [137, 138]. The LSPR and SERS properties of metallic nanoparticles depends on size, spacing, surrounding medium refractive index, and molecules
adsorbed on the nanoparticles. Particularly, higher nanoparticle areal density on surfaces is an important factor which ensure high local electromagnetic field enhancement with high specificity for
SERS based sensors and higher intensities of plasmonic signals [139] and enhancement of ampeometric signal in ampeometric biosensors made by high areal density metallic nanoparticle-electrodes
on glass substrates [140]. One way to rapidly produce several nanoparticles from an initial single
particle is by explosive boiling [? 141, 142]. In this process, rapid heating beyond boiling point of
metallic film by pulsed laser vaporizes the metal film into several nanoparticles by ejection [? ].
Pulsed laser induced vaporization of metallic films in air ambient has been reported in the
literature [143, 144, 145, 146]. An initial metallic film could be transformed into high areal dense
nanoparticles under conditions when the laser fluence was sufficient o exceed the boiling point of the
metal. The typical size distribution of nanoparticles after irradiation was found to be multi modal.
However, studies focused on controlling this vaporization process by modifying the surrounding
environment, such as by use of vacuum, air or bulk fluids, has not been investigated in great detail.
In this paper, we have explored pulsed laser-induced vaporization from Ag thin films and nanopyramids synthesized on quartz substrates under vacuum and air, as well as water, and glycerol bulk
fluids. The Ag nanopyramids were prepared by nanosphere lithography and thin films were prepared
by electron-beam evaporation. The material was heated by multiple nanosecond laser pulses at high
fluences. The morphology, including shape, size and areal density of the metallic nanostructures
was characterized by scanning electron microscopy. We found substantial differences in the size
and areal density as well as to the amount material lost for the different environments. Water and
glycerol produced much higher density of nanoparticles while also showing higher material loss over
the air case.

1.5.6

Chapter 7: Conclusions and future directions

In this chapter, we summarized the conclusions drawn from each chapter and propose future directions based on experimental observations that require rigorous exploration.
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Chapter 2

Experimental methods and techniques
2.1
2.1.1

Sample preparation
Thin film deposition

The quartz wafers and glass slides were cut to the size of 1 mm x 1 mm and sonicated in acetone,
isopropanol and de-ionized (DI) water. Metallic thin films of thickness ranging from 1 nm to 20
nm were deposited onto Quartz and Glass substrates using electron beam evaporation of Ag and
Co metals using Mantis QUAD-EV-C e-beam evaporator in Ultra High Vacuum (UHV) with base
pressure of 1 × 10−8 Torr under room temperature conditions. The typical deposition rates were 4
nm/min.

2.1.2

Nanosphere lithography

The polystyrene nanosphere monolayer mask was prepared using Nanosphere Lithography (NSL)
technique [147]. The sample preparation procedure is shown in Figure 2.1. Initially, a clean petri
dish (10 cm in diameter) was partially filled with de-ionized water (DI) dropped gently along the
edge using a dropper. DI water was added till a dry circular area of approximately 1 cm2 in area
was achieved. This dry area has a three phase (water, petri dish surface, and air) contact line along
the nonwetted petri dish bottom. A microdroplet of volume 50 µL 1:8 by volume ratio of PS bead
solution and ethyl alcohol was placed near the water contact line as shown in the Figure 2.1.
The microdroplet (PS beads + Ethyl alcohol) which has much lower surface energy than the
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Figure 2.1: Schematic illustration of Nanosphere Lithography (NSL) technique. Water layer with
circular three phase contact line with air and underlying glass was created in the petri dish in the
first step. The second step was the creation of a Polystyrene (PS) monolayer. PS monolayer was
transferred onto the clean glass substrate in the third step. Ag and Co metals were deposited in
UHV chamber using electron beam evaporator in the fourth step. In the final step, these substrates
were sonicated in ethyl alcohol solvent to etch o Polystyrene (PS) beads which left behind respective
metal triangular pyramids on top of the glass substrate. Image taken from ref. [10]
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petri dish glass surface, transforms into a thin fluid layer by rapidly spreading on the petri dish
surface. Once this thin layer touches the water layer three phase contact line, convective fluid
flow starts from thin layer (PS beads + Ethyl alcohol) surface to water layer surface due to the
Marangoni effect, which is a consequence of the fact that the water surface energy is higher than
ethyl alcohol. Due to this convective fluid flow along the surfaces, PS beads are carried by fluid
drag along the thin layer surface to the water layer surface and float on the water layer surface
due to the partially hydrophobic nature of PS beads. Finally, a microdroplet of volume 50 µL
containing 0.02 \% (v/v) solution of triton-X in DI water was added to close pack the polystyrene
beads on the water surface to form Polystyrene nanosphere monolayer. Overall, this approach led to
consistent large area regions (of 150 mm2 ) of the close-packed PS beads. Glass substrates were cut to
dimensions of 1 cm x 1 cm and sonicated in 5:1:1: volume ratio mixture of ammonium hydroxide, DI
water, and hydrogen peroxide to render a hydrophilic nature to glass substrates surface. The glass
substrates were dipped vertically in the DI water near the PS monolayer and were carefully lifted
from under the PS monolayer to transfer the monolayer onto the glass substrate, and then dried to
remove water. Silver and Cobalt metals were deposited by electron beam evaporator (Model Mantis
QUAD-EV-C) in ultrahigh vacuum with a base pressure of 1x10−9 Torr to achieve nanotriangular
pyramids of desired height. Following deposition, the substrates were sonicated in ethyl alcohol
to etch out the PS beads monolayer leaving behind the metallic nanotriangular pyramids on the
substrates.

2.1.3

Nanosecond pulsed laser irradiation

The laser irradiation was performed by Quanta-Ray Pro-Series Nd:YAG LASER system with
266 nm wavelength, 9 ns pulse width, and 50Hz repitition rate at normal incidence by an unfocused
linearly polarized laser beam of area 1×1 mm2 at desired laser fluence. Initially, a 50 µL of desired
liquid droplet was placed on the Ag thin film surface or on Ag nanopyramids prepared on the quartz
substartes as shown in the Figure 2.2.
Pulsed laser was directed at normal incidence from the bottom surface of the quartz substrate.
The Ag thin films were irradiated for the duration of ~ 1 s to 2 min and the typical fluences were
above 80 mJ/cm2 which is sufficient enough to melt metal films or nanopyramids. After irradiation,
the samples were cleaned in DI water and then dried for the characterization step.
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Figure 2.2: Schematic setup of pulsed laser irradiation of Ag thin films.
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2.1.4

Thermal annealing

Metallic thin films or nanopyramids on substrate samples were heated at temperatures below
melting point of specified metal using MTI OTF-1200X tube furnace for a specified duration of time
in air or inert gas environment.

2.2
2.2.1

Characterization
Scanning electron microscopy

Surface morphology of thin metallic films, nanopyramids and nanoparticles were studied using ZEISS Merlin SEM instrument at accelerating voltage of 2 kV. The plan view morphology of
nanoparticles was used to determine diameters as shown in the Figure 2.3b which is formed from
as-deposited thin film shown in the Figure 2.3a.
The side view morphology (Figure 2.3c and f) was used to determine the contact angles of
nanoparticles. The Figure 2.3d show typical surface plan view morphology of as-prepared nanopyramids from NSL, while Figure 2.3e and 2.3f show the plan view and side view of the nanoparticles
formed by processing the NSL nanopyramids.

2.2.2

Optical spectra

Optical transmission properties of thin metallic films, nanopyramids and nanoparticles were
measured by Ocean Optics HR 2000+ ES spectrometer. The transmission spectrum from the
spectrometer was converted into absorbance and plotted as normalized absorbance spectra with
wavelength ranging from 300 - 700 nm to determine various plasmonic peak locations. A typical
normalized absorbance spectra of Ag nanoparticles (Figure 2.3b) is shown in Figure 2.4.

2.3

Image analysis

Nanoparticle size distribution, diameters, and spacing were analyzed using ImageJ-NIH image analysis software. The SEM images with size of 512x512 pixel resolution as shown in the Figure 2.5a
were processed in the ImageJ to obtain Fast Fourier Transform using FFT command in ImageJ [148].
During this FFT conversion process, contrast modulations in each row and column of 512x512 pix32

Figure 2.3: (a) SEM image of Ag thin film of thickness 20 nm. (b) Plan view of Ag nanoparticles formed from Ag thin film in air at laser fluence of F = 80mJ/cm2 after irradiation time of
~ 1s and (c) corresponding side view. (d) As-prepared SEM image of Ag nanopyramid of height
20 nm. (e) Ag nanoparticles formed after pulsed laser irradiation in air at laser fluence of F =
80mJ/cm2 after irradiation time of ~ 1s and (f) corresponding side view of Ag nanoparticles formed
from Ag nanopyramids. Scale bar in all images is 200 nm.
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Figure 2.4: Optical absorbance plot of Ag nanoparticles (Figure 2.3b) formed on quartz substrate.
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Figure 2.5: (a). Plan view SEM image of Ag nanoparticles formed on quartz substrate in air
ambient. (b) Fast Fourier Transform (FFT). (c) Line profile of FFT image.
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els image are converted to sinusoidal waves of different frequencies. Brightest pixel to consecutive
brightest pixel in a vector represents a complete wave, and wave length is related to distance between centers of neighboring nanoparticles. The gray scale intensity value profile is drawn across
the center of the FFT image (Figure 2.5b) and shown in the Figure 2.5c. Here the distance (R)
between center of the FFT intensity profile to the highest gray scale intensity was measured in
pixels as shown in the Figure 2.5c. Then the wave number (k)of the FFT is calculated using the
formula (2πR/512/length(nm) of a unit pixel). The length scale of the nanoparticles (λ = average
distance between neighboring nanoparticles) was calculated using the formula λ = 2π/k.
To determine the size distribution, the SEM image (Figure 2.5a) is converted into binary format
as shown in the Figure 2.6a and the number of particles (solid black circles) and corresponding areas
were obtained from ImageJ. The areas of the nanoparticles were converted into diameters using area
of circle formula. The diameters of the nanoparticles were plotted in the histogram plot as shown
in the Figure 2.6b to show the spread in nanoparticle diameter.

2.4

Atomic force microscopy

Surface roughness and thickness information of thin metallic films and and height of the nanopyramids were obtained using Asylum MFP3D Atomic Force Microscope (AFM) with line scans using
Gwyddion image analysis software [149].
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Figure 2.6: (a). Binary image of Figure 2.5a. (b) Nanoparticle diameters histogram (average
diameter = Dav ).
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Chapter 3

Thermal and plasmonic stabilization of
silver nanostructures using a bilayer
anchoring technique

(Reported to ACS Applied Materials & Interfaces, 10(39), 33630-39, 2018)
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3.1

Summary

In this work we demonstrate how to suppress the shape instability of silver (Ag) nanotriangular
pyramids following high temperature annealing without a coating or encapsulation, thus producing a more stable optical plasmonic system. Nanosphere lithography (NSL) was used to fabricate
large-area arrays of nanotriangular pyramids of Ag on glass substrates. By using a combination
of morphology and spectroscopic studies it was found that exposure of this system to high temperatures of 473 K and beyond in air led to a rapid change in nanostructure shape, and thus, the
surface area, with a substantial change to the original plasmonic character. On the other hand,
NSL nanotriangular pyramids made from bilayers of Ag on Co or Co on Ag showed much smaller
changes in shape and area following annealing up to 573 K in air. In the case of pure Ag, the NSL
nanotriangular pyramid changed into a more spherical shape with an overall decrease of ∼24% in
its surface area following annealing at 573 K. This lead to a large blue shift of over ∼287 nm or
∼39% in the location of the dipolar plasmonic resonance. On the other hand, the triangular shape
of Ag was retained in both the metal bilayer cases, with much smaller area changes of $\sim$10\%
and $\sim$9\%, for the Ag deposit when on Co and when under Co, respectively. Consequently,
the plasmonic shifts were substantially smaller, of ∼65 nm or about 9%, in these bilayer systems.
The mechanism for this stabilization was attributed to the higher surface energy of Co and much
lower diffusivity of Co as well as Ag on Co that resulted in an anchoring of the Ag shape to its original state. The plasmonic quality factor for the bimetal NSL nanotriangular pyramids also showed
substantially improved stability over pure Ag, further indicating that this anchoring approach is a
viable pathway to produce pristine Ag surfaces for high-temperature plasmonic applications.

3.2

Experimental section

Polystyrene (PS) beads of diameter 500 nm suspension in water solution, as well as the Silver, and
Cobalt pellets with purity of 99.999\% metals basis were purchased from Alfa Aesar. Glass slide
substrates were purchased from Fisher Scientific and cut to the desired size. Ethyl alcohol, hydrogen
peroxide, ammonium hydroxide solution and triton X-100 were purchased from Sigma-Aldrich. The
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polystyrene nanosphere monolayer mask was prepared using Nanosphere Lithography (NSL) technique [147]. Silver and Cobalt metals were deposited by electron beam evaporator (Model Mantis
QUAD-EV-C) in ultrahigh vacuum with a base pressure of 1 × 10−8 Torr to achieve nanotriangular
pyramids of height of 30 nm for pure Ag, 15 nm for pure Co or 30 nm and 15 nm of Ag and Co
respectively, for the two different bilayer combinations of Ag on Co (AgCo) and Co on Ag (CoAg).
Following deposition, the substrates were sonicated in ethyl alcohol to etch out the PS beads monolayer leaving behind the metallic nanotriangular pyramids on the substrates. The samples were
annealed in a tube furnace at temperatures of 373 K, 473 K, and 573 K in air ambient for 30 min.
Surface morphology of the samples were characterized by Merlin Zeiss Scanning Electron Microscope
(SEM) at accelerating voltage of 2 kV. Optical transmission properties of nanotriangular pyramids
on glass substrate were obtained by HR2000 +ES spectrometer from Ocean Optics. Atomic Force
Microscopy (AFM) measurements were performed by Asylum MFP3D instrument in non-contact
mode.

3.3

Results

The SEM morphology of nanotriangular pyramids of the various metal systems are shown in Figure
3.1, with each row of images corresponding to a specific metal case (i.e. pure Ag, pure Co, Ag/Co and
Co/Ag). Each column of images begins with the as-prepared state followed by thermal annealing
at increasing temperatures from 373, 473 to 573 K. The case of pure Ag is shown Figure 3.1a–
d. A qualitative comparison of the shape or size changes occurring following the anneal at each
temperature is also presented within Figure 3.1a–d in the form of the yellow triangular outlines,
which represents the as-prepared Ag shape and size, versus the red outlines which represents the
state at each temperature. It was clear that a substantial decrease to the size of the Ag deposits
became evident by 473 K (Figure 3.1c) while a substantial change in shape, to a more rounded
case, was evident by 573 K, as seen in Figure 3.1d. The case of pure Co is shown in Figure 3.1e–h,
where the outline of shape and size for each case is qualitatively shown by the green outlines. There
appeared to be no change to the shape of Co, while a small decrease in size was evident by 573 K
(Figure 3.1h), in striking contrast to the case of pure Ag. Figure 3.1i through l show the case of
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Figure 3.1: SEM Morphology for the various metal systems before and after thermal annealing.
Row 1: Ag nanostructures. Row 2: Co nanostructures. Row 3: AgCo bilayer nanostructures. Row
4: CoAg bilayer nanostructures. The as-prepared structures at 300 K are shown in column 1 (left
most column). 373 K anneal structures are shown in coumn 2. 473 anneal structures are shown in
column 3. 573 K anneal structures are shown in column 4. The red outlines represent the shape and
size (perimeter) of the silver deposits. The green outlines represent the shape and size (perimeter)
of the cobalt deposit for the various Co/Ag cases shown. In row 1, the yellow outlines represent the
shape and size (perimeter) of the asprepared Ag as a reference. Scale bar in all images is 100 nm.
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Ag on Co, with the red outlines depicting the Ag deposit and the green outlines, the Co. Here,
the triangular shape of the overlying Ag deposit did not appear to change substantially, even at
573 K (Figure 3.1l), while its size appeared slightly smaller than in the as-prepared case (Figure
3.1i). The underlying Co did not appear to change in shape and showed a small decrease in size
with increasing temperature. Figure 3.1m through p show the case of Co on Ag, and once again,
the red outlines depict the Ag deposit and the green outlines, the Co. Similar to the case of Ag
on Co presented earlier, the triangular shape of the underlying Ag deposit did not change, even at
573 K (Figure 3.1p), while its size appeared slightly smaller than in the as-prepared case (Figure
3.1m). Also, the overlying Co shape did not change while a small decrease in size was evident
with increasing temperature. Looking down the last column of images corresponding to the 573 K
anneal, it was qualitatively evident that the pure Ag deposit displayed a much larger shape and size
(projected surface area) instability as compared to the case of the bilayer deposits.
While SEM was useful in demonstrating the changes to shape and areal size, we also utilized
AFM on a select set of samples to evaluate changes to the overall height of the structures following
annealing at 573 K. Figure 3.2 compares AFM image and line scans for the as-prepared and 573 K
annealed cases for the various metal systems (Ag, Co, Ag on Co and Co on Ag). From the line scan
comparisons shown in the last column, it was evident that the pure Ag structures exhibited the
largest increase in height (Figure 3.2c) as compared to the other cases. Given the tip broadening
artifact in AFM, the apparent increase in width of the Ag deposit at 573 K was due to the known
tip broadening artifact in AFM scanning due to which it is very difficult to accurately measure the
diameter of nanostructures. From the line scan comparisons of the other metal systems, Co (Figure
3.2f ), AgCo (Figure3.2i) and CoAg (Figure 3.2l), overall height changes appeared much smaller
than the pure Ag case, consistent with the overall observations from SEM.
While the SEM and AFM captured the nanoscale changes occurring to the various systems, a
macroscopic area representation of the changes in each metal system following the various temperature anneals were captured by optical reflection using a digital camera and is presented in Figure
3.3. As in the case of the SEM morphology presented in Figure 3.1, each row of images corresponds
to a specific case (i..e pure Ag, pure Co, AgCo and CoAg), while each column of images begins with
the as-prepared state followed by thermal annealing at increasing temperatures from 373 to 573 K.
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Figure 3.2: AFM images of nanostructures in the as-prepared (column 1) and 573 K annealed state
(column 2) for the various metal systems. Column 3 shows the line scan comparison for the asprepared and 573 K annealed state. Row 1 corresponds to pure Ag. Row 2 is pure Co. Row 3 is
AgCo. Row 4 is CoAg.
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Figure 3.3: Optical reflection photographs as a function of the metal deposits (in rows) for the
various temperature anneals (in columns). Row 1 corresponds to pure Ag. Row 2 is pure Co.
Row 3 is AgCo. Row 4 is CoAg. The as-prepared case is shown in column 1 with the various
temperatures up to 573 K shown in the subsequent columns. Scale bar in all images is 1 mm.
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Qualitatively, the optical images also suggest that the largest changes have occurred in the pure Ag
case (row 1 or images in Figure 3.3a–d) as compared to other systems, consistent with the more
nanoscale picture presented via the SEM in Figure 3.1.
Finally, a quantitative assessment of the optical plasmonic behavior of each of the metallic systems for the various temperatures annealed was made by generating broadband absorption spectra
through optical spectroscopy. These results are shown in Figure 3.4. Figure 3.4a compares the absorbance spectra of the as-prepared Ag nanotriangular pyramid system (solid curve) to the various
thermal anneals (non-solid curves). The principal plasmonic absorption peaks in the as-prepared
Ag occur at ∼739 nm, corresponding to a dipolar oscillation, and at ∼415 nm, corresponding to a
quadrupolar oscillation. These peaks are the ones most relevant for plasmonic applications of the
triangular structures. The strong dipolar oscillation blue shifts substantially following annealing
at the various temperatures. The quadrupolar oscillation also blue shifts with increasing annealing
temperature. Figure 3.4b corresponds to the absorbance from the bilayer AgCo system for the
various temperatures. A comparison of the solid curve (as-prepared case) to the non-solid curves
(the thermal anneals) indicated that the overall changes to the dipolar and quadrupolar peaks are
smaller than in the case of pure Ag (Figure 3.4a). A similar result was evident for the case of the
CoAg system shown in Figure 3.4c. The solid curve (as-prepared case) changes into the non-solid
curves (thermal anneals) with an overall smaller blue shift to the plasmonic peaks.

3.4

Analysis

Quantitative changes to the nanoscale deposits following the various annealing temperatures were
estimated by a measurement of the surface area and volume based on the SEM and AFM data images presented in Figure 3.1 and 3.2. The total surface area included all the surfaces of the deposit
(including the edge faces, top face and the interfacial face in contact with the substrate or bottom
metal deposit). The volume and surface area of the triangular shaped nanostructures of Ag and
Co in the single and bilayer configurations were estimated from the length of the nanotriangular
pyramid edge obtained from SEM images, height from AFM scan line and using the geometrical
formula for volume and surface area of a truncated nanotriangular pyramid (provided in the sup45

Figure 3.4: Optical absorbance plots of (a) Ag nanotriangular pyramids, (b) AgCo bilayer, and (c)
CoAg bilayer nanotriangular pyramids. The solid curves in each case correspond to the as-prepared
state while the non-solid curves correspond to the various annealing temperatures.
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plement). A total of 6 deposits were used to obtain an average value for the surface area. For the
Ag nanostructure following annealing at 573 K, total surface area and volume were calculated using
spherical cap formulae with diameter obtained from SEM image and height from AFM scan line
(analysis in supplement). We determined that evaporation of Ag was minimal in our experiments
since the volume of Ag in the as-prepared state was similar to the 573 K state within the uncertainty of measurements, with the volume of an as-prepared nanotriangular pyramid calculated to
be VT |As−prepared = 138589 ± 12000 nm2 and volume of the Ag spherical cap at 573 K calculated to
be VSp|573 K = 136135 ± 10000 nm2 .
The change in total surface area of the Ag deposit, i.e. final surface area − initial surface area
is shown in Figure 3.5a for the various cases as a function of annealing temperature. The pure Ag
case exhibited a large surface area decrease of ∼4700 nm2 (Figure 3.5a solid curve), consistent with
the interpretation from the SEM images. In contrast, Ag in the bilayer cases (non solid curves in
Figure 3.5a) showed nearly a 1/3rd smaller surface area decrease of ∼1630 nm2 .
The % change in surface area for the Ag deposit is depicted in Figure 3.5b, with the pure Ag case
decreasing by ∼24% while the Ag in AgCo and CoAg decreasing by ∼10 and ∼9 % respectively. A
similar analysis was performed for the Co deposit. Figure 3.5c shows the total surface area change,
while Figure 3.5d shows % surface area change for Co deposit in the single and bilayer configurations.
Like for Ag, the largest decrease in area occurred for the pure Co deposit (solid curves in Figure
3.5c and d). However, unlike Ag, the overall % change was smaller, at 6% or lower for all the Co
systems.
The overall morphological change to shape and surface area of the metallic nanotriangular
pyramids deposited onto substrates can be explained theoretically by using surface self-diffusion
coefficients of the metals and the equilibrium contact angle (θ|Equilibrium ) between specified metal on
the specified substrate. The contact angles of as-deposited metal nanostructures are usually lesser
than contact angle at equilibrium state [150]. During thermal annealing well below the melting
point of a metal, diffusion of metal atoms occurs primarily via surface self-diffusion rather volume
diffusion. The large difference in surface to volume diffusivity is due to much higher activation
energies of metal atoms in volume diffusion as compared to surface diffusion [151]. This in turn is
largely due to the number of bonds an atom must break in the diffusion process [151]. A single
metal atom is bonded to more neighboring atoms when it is in the bulk as compared to when it is
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Figure 3.5: (a) Total surface area change and (b) % surface area change for the Ag deposit in
the various single layer and bilayer congurations as a function of temperature. Single layer Ag
corresponds to the solid curve while the bilayers correspond to the non-solid curves. (c) Total
surface area change and (d) % surface area change for the Co deposit in the various single and
bilayer congurations as a function of temperature. Pure Co corresponds to the solid curve while
the bilayers correspond to the non-solid curves. The error bars correspond to one standard error
in average value of the experimental measurement. The lines are primarily intended to serve as a
guide to the eye.
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on the surface [151]. For example, surface self-diffusivity of Ag is ∼1012 times higher than volume
diffusivity at 573 K [151], and consequently, Ag atomic diffusion can be stated to occur primarily
by surface self-diffusion of Ag atoms.
The as-prepared system progresses towards total energy minimization to achieve its equilibrium
state, where the final nanostructure is typically a spherical cap shape with equilibrium contact angle
(θ|Equilibrium ) that depends on the surface energies of metal (γm ), substrate (γS ) and interfacial
energy of metal on substrate (γms ), as given by the Young’s equation [120]. The sign of total
surface area change following annealing can be predicted by comparing the total surface area of
a nanostructure at equilibrium (ASp|Equilibrium ) versus as-prepared state (AT |As−prepared ). In this
work, the total surface area of the nanostructure at equilibrium (ASp|Equilibrium ) was calculated
using a spherical cap of volume (VSp|Equilibrium ) which has the same volume as the as-prepared
nanotriangular pyramid (VT |As−pepared ) and the equilibrium contact angle (θ|Equilibrium ) of metal
on substrate. The total surface area of a nanostructure decreases during annealing when the change
in as-prepared to equilibrium total surface area is (ASp|Equilibrium − AT |As−prepared ) < 0 by net
mass transfer of metal atoms from three-phase contact line (edge of nanostructure) to the center of
the nanotriangular pyramid. On the other hand, the surface area will increase when the change in
as-prepared to equilibrium total surface area is (ASp|Equilibrium − AT |As−prepared ) > 0 via net mass
transfer of metal atoms to the three-phase contact line (edge of nanostructure) from the center of
the nanostructure.
Based on this criterion, theory predicts that the Ag and Co single layer system on glass should
undergo a total surface area decreases during annealing since (ASp|Equilibrium − AT |As−prepared ) < 0
for both metals. This prediction is in agreement with the measured change in total surface area
values of single layer Ag and Co deposits as shown in the Figure 3.5a and c. This result is also
expected because the surface energy values of metals are much higher than the glass surface, as
shown in Table 3.1 resulting in large equilibrium contact angles (θ|Equilibrium ) of Ag [152] and Co
[153] on glass surface are 123o and 101o respectively. However, the change in total surface area of
Ag deposit is much higher than the Co deposit after annealing at 573 K. This is because the surface
self-diffusion coefficient of Ag is ∼104 times higher than Co at 573 K [154]. Mass transfer in Ag
nanostructure occurs primarily from nanotriangular pyramid corners rather than edges as shown in
the Figure 3.1c–d by yellow outline triangle due to higher chemical potential of Ag atoms in the
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Table 3.1: Surface energy values of materials
No.
1
2
3

Material
Glass
Silver
Cobalt

Surface energy (mJ/m2 )
310 [159]
980 [160]
1950 [160]
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corner region compared to edge region. This effect also occurs in Co nanostructure annealing but
at much smaller rates due to the lower self-diffusivity.
In the case of bilayer AgCo annealing, which has a pristine Ag surface, experiments (Figure
3.1i–l and 3.5a) showed that the Ag deposit surface area change in bilayer configuration is lower
than single Ag layer deposit and the Ag also retained its triangular shape. It should be first pointed
out that the Ag deposit is not completely aligned with the underlying Co deposit due to the small
difference in angular separation of the Ag and Co sources during e-beam deposition. As a result, a
small quantity of Ag also comes in contact with the underlying glass substrate. Based on this, the
results for the AgCo system can be analyzed as follows. According to theory, the total surface area
change when Ag deposit is completely on Co layer is (ASp|Equilibrium − AT |As−prepared ) > 0. This is
due to the fact that Co surface energy is almost twice that of the Ag surface energy and the resulting
equilibrium contact angle (θ|Equilibrium ) of Ag on Co surface is 23o . This implied that the Ag deposit
should be stable on the Co, and the experimental observations are qualitatively consistent with this,
as shown in Figure 3.1l. However, due to the experimental limitations stated earlier, a portion of
the Ag deposit in AgCo bilayer configuration is also partially on the glass surface. Therefore, we
suggest that in bilayer AgCo annealing, mass transfer of Ag atoms occurs from Ag nanotriangular
pyramid corners situated on the glass surface to center of the Ag pyramid. As a consequence, there
is a non-negligible change in total height (and surface area) of bilayer AgCo, although it is much
smaller than the single layer Ag deposit as shown in the Figure 3.3i.
In the case of bilayer CoAg annealing, experiments (Figures 3.1m–p and 3.5a) showed that the
Ag deposit surface area change in bilayer configuration was again quite a bit lower than single Ag
layer deposit and, like the AgCo case, the Ag also retained its triangular shape. According to theory,
the total surface area change when Ag deposit is below the Co layer and on the glass surface is
(ASp|Equilibrium − AT |As−prepared ) < 0, which is similar to the single Ag layer on the glass surface.
This is due to the fact that Ag surface energy is almost thrice that of the glass surface energy and
the resulting equilibrium contact angle (θ|Equilibrium ) of Ag [152] on glass surface is 123o . Once again
though, due to the experimental limitations resulting in slight misorientation between the deposits,
as stated earlier, a portion of the Ag deposit is not covered by Co. As a result, the uncovered Ag
atoms can migrate from corners to the center of triangular pyramid, but at a substantially lower
mass transfer rate due to the decreased self-diffusion coefficient of Ag atoms at the CoAg interface
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compared to bare Ag surface. As a consequence, there is again a non-negligible change in total
height (and surface area) of bilayer CoAg, and once again it is much smaller than the single layer
Ag deposit as shown in the Figure 3.3l. This again implied that the Ag deposit below Co layer is
much more stable than the pure Ag case, and the experimental observations are consistent with
this, as shown in Figure 3.1p.
Since our experiments have been performed in air ambient, the role of oxide formation on the
overall interpretation of our results must be commented upon. In the case of Silver, it should react
with oxygen in air at room temperature to produce silver oxide (Ag2 O) [155, 96]. However, the
silver oxide decomposes above temperatures of 467 K to produce pure silver [155]. In previous works
we have shown repeatedly that when nanostructured Ag is in contact with Co, the oxidation of Ag
is significantly suppressed at room temperature over long periods of time. This was attributed to
galvanic protection of Ag by Co [96, 52]. In this work as well, there is secondary evidence that
Ag is not being oxidized. The evidence comes from the behavior of the known metallic Ag interband transition dip seen at around 325 nm in the absorbance spectra (see Figure 3.4). When Ag
nanostructures oxidize, this dip shifts in wavelength or disappears due to the conversion of Ag
metal into its oxide [96, 52], whose inter-band transitions could appear at different locations (510
nm and 2175 nm) [156]. In our work, we see no significant changes in the wavelength position of
this inter-band transition for all the samples investigated, as evident from Figure 3.4. Furthermore,
formation of the dielectric silver oxide on Ag, should lead to a red shift in the plasmonic peak
position \cite{kuzma2012influence}, which is again not evidenced in our work. So, we can conclude
that oxidation of Ag is not significant in our work. On the other hand, the oxidation behavior of
Co is more difficult to interpret without detailed surface science studies. However, we have shown
previously that when Co metal is in contact with Ag, it shows evidence for preferential oxidation
compared to Ag due to galvanic effects, but at very slow rates (i.e. over several months) [52]. So,
although Co may be getting oxidized, we suggest that within the time scales involved in sample
preparation to analysis (which is a few days) there is no substantial oxidation of Co as well. So, we
conclude by stating that oxidation is unlikely to play a significant role on the stability behaviors
described here.
Overall our results and analysis point to some simple effects. First, contacting Ag with Co metal
leads to a significant improvement in shape and surface area stability. This is due to a combination
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of the high surface energy of Co, the low surface diffusivity of Co as well as the low diffusivity for
Ag on Co. The effect here can be compared to a ship “dropping an anchor” to hold it stationary in
water. In this case, the Co acts as the metaphorical “anchor” as its presence stabilizes the Ag “ship”
from moving or changing shape. These results suggest that other metal systems can be chosen to
suitable tune the high temperature stability of Ag based on surface energy and diffusivity criterion.
A second observation is that, it could be possible to further increase the stability of the Ag deposit
by better alignment of the Ag and Co deposits. In other words, minimizing the contact of Ag with
the underlying glass on the AgCo system, or increasing the overlap of Co with Ag on the CoAg
system can both lead to even more stable bilayer systems. Since continuous cobalt film deposition
is possible starting from film thickness of 3 nm [157], cobalt nanotriangles of lower height down to
3 nm can be used instead of 15 nm thick cobalt nanotriangles to conserve the cobalt metal.
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3.6
3.6.1

Supplementary information
Calculation of volume and surface area of nanotriangular pyramid

Figure 3.6 shows the schematic diagram of truncated nanotriangular pyramid. The total surface
area and volume were calculated using the equations below [158].
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Figure 3.6: Schematic of nanotriangular pyramid
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The volume (VT ) is given by eq 3.1 and total surface area (AT = Surface area of 4 faces +
Interfacial area ) by Eq. 4.2 using height (h) measured from AFM scan and length of side on the
base (b) measured from SEM image.
1
VT = √
6 2

AT =

3.6.2

√





3h
b − (b − √ )3
6
3



3h
3 b − 0.5(b − √ )2
6
2

(3.1)



(3.2)

Spherical cap calculations

At equilibrium, the total energy of the system (nanostructure + substrate) is minimum and metallic
nanotriangular pyramid transforms into spherical cap shape with uniform radius of curvature (R)
on the substrate as shown in the Figure 3.7 with equilibrium contact angle (θ|Equilibrium ) according
to Young’s equation [120].
The equilibrium contact angle depends on the surface energy of metallic nanostructure (γm ),
interfacial energy of metal-substrate (γms ), and the surface energy of substrate (γs ) as shown in the
Eq. 3.3.

−1

θ|Equilibrium = cos



γs − γms
γm



(3.3)

The spherical cap volume (VSp ) and total surface area (ASp = Top surface area + Interfacial
area) are given by Eqs. 3.4 and 5.10 \cite{polyanin2006handbook}. The total surface area (ASp )
includes top surface area (2πR2 (1 − cosθ)) and interfacial area (πr2 ).

VSp =

πR3
(1 − cosθ)2 (2 + cosθ)
3

ASp = 2πR2 (1 − cosθ) + πr2

(3.4)

(3.5)

For a given volume of spherical cap, the surface area and contact angle are in inversely pro55

Figure 3.7: Schematic of spherical cap
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portional to each other. This relationship is proven below by taking V = Constant from Eq.
3.4.

VSp = Constant =


1 √
3/2
1 − cosθ (2 + cosθ) ASp
6π

ASp α

1
θ

(3.6)

(3.7)

If any two of the variables among volume (VSp ), radius of curvature (R), height (h), base radius
(r), contact angle (θ), total surface area (ASp ) are known then the remaining variables are fixed,
because number of independent variable for spherical cap is only two.
During annealing of nanotriangular pyramid, volume is conserved which is shown in the Eq. 3.8

VT |As−prepared = VT |Annealing = VSp |Equilibrium

(3.8)

If one knows the equilibrium contact angle (θ|Equilibrium ) of a given metal nanostructure on the
substrate, then spherical cap total surface area at equilibrium (ASp |Equilibrium ) is calculated using
volume of as-prepared nanotriangular pyramid which is calculated using Eq. 3.1.
If (ASp |Equilibrium − AT |As−prepared ) < 0, then nanostructure dewetts (reduction in total surface area) on the substrate by mass transfer from border to center of the nanostructure, while if
(ASp |Equilibrium −AT |As−prepared ) > 0, then nanostructure spreads (increase in total surface area) on
the substrate by mass transfer to border from center. The total surface areas and their differences
between as-prepared and equilibrium state are shown in the Table 3.2.
In the case of Ag nanostructure on glass substrate, the equilibrium contact angle (θ|Equilibrium )
is 123o , and thus, by theory, the total surface area reduction is (ASp |Equilibrium − AT |As−prepared ) =
−5637 nm2 as shown in the Table 3.2. But after annealing at 573 K, the total surface area reduction
is (ASp |573K − AT |As−prepared ) = −4700 nm2 , and the contact angle (θ|573K ) calculated from height
( from AFM scan ) and diameter (from SEM image) using eq 3.4 and 5.10 is θ|573K = 116o . This
suggests that the Ag nanostructure are very near to their equilibrium shape.
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Table 3.2: Total surface area change values from as-prepared to equilibrirum state
Top layer

Bottom surface

Ag
Co
Ag
Co

Glass
Glass
Co
Ag

AT |As−prepared
(nm2 )
18938
15996
18938
15996

ASp |Equilibrium
(nm2 )
13301
10091
35888
10505
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(ASp |Equilibrium − AT |As−prepared )
(nm2 )
-5637
-5905
16950
-5491

Chapter 4

Transformation of irregular shaped silver
nanostructures into nanoparticles by
under water pulsed laser melting

(Reported to IOP Science, Nanotechnology, 27(19), 195602, 2016)
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4.1

Summary

The ability to easily manufacture nanostructures with a desirable attribute, such as well-defined
size and shape, especially from any given initial shapes or sizes of the material, will be helpful
towards accelerating the use of nanomaterials in various applications. In this work we report the
transformation of discontinuous irregular nanostructures (DIN) of Silver metal by rapid heating under a bulk fluid layer. Ag films were changed into DIN by dewetting in air and subsequently heated
by nanosecond laser pulses under water. Our findings show that the DIN first ripens into elongated structures and then breaks up into nanoparticles. From the dependence of this behavior on
laser fluence we found that under water irradiation reduced the rate of ripening and also decreased
the characteristic break-up length scale of the elongated structures. This latter result was qualitatively interpreted as arising from a Rayleigh-Plateau instability modified to yield significantly
smaller length scales then the classical process due to pressure gradients arising from the rapid
evaporation of water during laser melting. These results demonstrate that it is possible to fabricate
a dense collection of monomodally sized Ag nanoparticles with significantly enhanced plasmonic
quality starting from the irregular shaped materials. This can be beneficial towards transforming
discontinuous Ag films into nanostructures with useful plasmonic properties, that are relevant for
biosensing applications.

4.2

Experimental details

Ag films of thickness 6 ± 0.5 nm were deposited in high vacuum (∼ 1 × 10−8 Torr) by electron
beam deposition (Model Mantis QUAD-EV-C) at room temperature onto transparent Quartz substrates. The wafers were cleaned in methanol, acetone, and DI water. The deposition rate used
here was typically ∼ 1.5 nm/min as confirmed by atomic force microscope (AFM) step height measurements of the film thickness. AFM measurements were carried out in non contact mode using an
Asylum MFP3D instrument with silicon tips (model: AC160TS) having a radius of curvature 9±2
nm. The AFM images were processed by the open source Gwyddion software [149]. The raw AFM
image data was leveled by a mean plane subtraction, and then polynomial background from the
images was removed with fits to the horizontal and vertical directions using polynomials of degree 3.
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After above processing, the film thickness average root mean square (RMS) roughness was obtained
from the entire scan area.
The laser irradiation was performed in two stages. First, the deposited Ag films were raster
scanned at a rate of 0.5 cm/min by a 266 nm ultraviolet laser having a pulse width of 9 ns. Laser
experiments are conducted using Quanta-Ray Pro-Series Nd:YAG LASER system. Irradiation was
performed in air ambient and at normal incidence by an unfocused linearly polarized laser beam of
area 1×1 mm2 with a scan rate of ~0.5

cm
min

at a repetition rate of 50 Hz. The laser fluence used was F

= 35±0.41 mJ/cm2 (Fluence±Standard deviation), which was sufficient to transform the continuous
film into a discontinuous irregular nanostructure (DIN) array. This DIN was due to the phenomenon
of dewetting, which has been described in detail previously [9, 161, 71, 162]. A Zeiss Merlin SEM
was used to characterize the morphology. An accelerating voltage of 2 kV was used to obtain SEM
images for as deposited films and 5 kV was used for the DIN structures and nanoparticles. This
stage 1 DIN, characterized by scanning electron microscopy (SEM), is shown in Figure 4.1a. Samples
having similar DIN morphology as characterized by the radial distribution functions Figure 4.1b
and optical properties, Figure 4.1c, were selected for the stage 2 laser irradiation experiments. In
stage 2, the Ag DIN from stage 1 was immersed in de-ionized water inside a quartz glass beaker
with substrate side in contact with the beaker and then re-irradiated from the substrate side with
mJ
laser light at a fluence F = 40±0.45 , 50 ± 0.47 , 60 ± 1.2, and 80 ± 1.17 cm
2 and number of pulses

ranging from 50 to 500. Experiments were conducted for total irradiation time of 4 seconds, which
corresponded to 200 pulses and 10 seconds, which corresponded to 500 pulses. A stop watch and and
manual shutter were used to control the irradiation time. Similar irradiations were also performed
in air for the DIN samples. Following the irradiation, the samples were removed from water and
dried in air. The nanostructures were investigated by high resolution surface imaging using a ZEISS
Merlin scanning electron microscope (SEM) and the optical transmission properties were measured
by an HR2000 + ES spectrometer from Ocean Optics.

4.3

Results

It is known that the Ag film morphology deposited by physical vapor deposition techniques is
sensitive to deposition conditions such as rate, deposition temperature and substrate type[163, 164,

61

(a)

(b)

(d)

(c)

(e)

(f)

Figure 4.1: (a) SEM image of as deposited silver film. (b) 3-dimensional view of the silver film
surface using AFM. (c) AFM surface topography (scan size of 1x1µm, and average root mean square
(RMS) roughness of ∼1.5nm). (d) SEM image of early stage dewetting morphology of 6 nm Ag
films showing the characteristic discontinuous irregular nanostructure (DIN) following pulsed laser
irradiation in air. (e) Plot of the radial distribution function (RDF) for several different DIN samples
prepared under identical conditions. (f) Normalized optical absorption spectra for the samples in
(e) .
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165] . In Figure 4.1a, the SEM morphology of 15 nm thick Ag film deposited under the experimental
conditions described earlier is shown. Figure 4.1b shows a 3-dimensional view of the film surface
obtained using AFM. By analysis of the AFM surface topography, shown in Figure 4.1c, the average
RMS roughness of ∼1.5 nm was obtained. The goal of this paper was to compare the transformation
of a controled but irregularly shaped nanostructure as a function of laser fluence parameters, such
as fluence and number of pulses in water and air ambients. In order to perform this experiment, we
first developed a procedure to compare and contrast the samples containing the stage 1 irregular
nanostructures to ensure they were nearly identical following the dewetting step. First SEM imaging
was performed to obtain qualitative evidence that all the samples had the DIN structure. Figure
4.1d shows the dewetting morphology observed following the stage 1 laser raster scan irradiation of
mJ
6 nm thick Ag film at a laser fluence F = 35 cm
2 in air.

It has been established from spinodal dewetting studies of metal and polymer films that the final
nanoparticle occurs through the morphology sequence Film→Intermediate stage→Nanoparticles.
The observed intermediate stage morphology is generally found to depend on the starting film
thickness. Below a specific film thickness h ≤ hT (transition thickness) discontinuous irregular
nanostructures are found, while above it, hole-like structures are typically observed [162, 71]. For
Ag films, the observed transition thickness is hT ∼ 10 nm [71]. Consistent with these previous
studies, the observed intermediate stage in Figure 4.1d for the 6 nm Ag film was a collection of
discontinuous irregular shaped island nanostructures.
Next, quantitative information about the spatial characteristics of these irregular islands was
obtained by evaluating the contrast in the SEM images via computer generated Fast Fourier Transform (FFT) diffraction patterns. SEM images with typical size of 1x1µm and a resolution of 512x512
pixels were processed and FFT images corresponding to the contrast correlation in the SEM images
was obtained using the open source software ImageJ [148]. In the FFT image, the distance (k) from
the center was in dimensions of wave number in pixels, which could then be converted into real
space dimensions using the formula (k/512)*(p), where p was length of a pixel in the original real
space image. From analysis of the intensity distribution of pixels in the FFT image it was possible to identify the wavenumber with the largest intensity, which corresponded to the characteristic
lengthscale (λ = 2π/k) in the original SEM image. The FFT information is shown in the inset of
Figure 4.1d, and the important information here is its annular form. This annular FFT indicated a
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band of characteristic wave number k (or length scales L) for the morphology variations in the SEM
image [69]. Figure 4.1e is the radial distribution function (RDF) obtained from the FFT data for
several other DIN samples prepared by identical laser processing. From the peak positions in the
RDF, it was possible to ascertain that the characteristic wave number present was k = 0.18 nm−1
or a wavelength of ~34 nm. Samples whose RDF peaks were within 1 standard deviation of the
average wavelength, i.e. 34 ± 4 nm, were categorized as being similar and chosen for the stage 2
experiments. In addition to the wave vector attribute, we also utilized optical transmission characteristics of this stage 1 Ag morphology, as shown in Figure 4.1f. Ag metal nanostructures have
localized surface plasmon resonances (LSPR) that are strongly dependent on shape and size [18],
and so the position of the LSPR peak wavelength in the intensity normalized optical absorbance
spectra was used as an additional check to select near similar stage 1 structures across multiple
samples. Together with the RDF criterion, the stage 1 samples with less then ±5 nm variation in
the position of the LSPR wavelength, as shown in Figure 4.1f, were chosen for subsequent stage 2
investigations. The DIN obtained from Stage 1 was then immersed in de-ionized water (or in air)
and irradiated at laser fluence of 40, 50, 60 or 80

mJ
.
cm2

For each fluence 200 and 500 pulses were

applied, following which the morphologies were characterized. Figure 4.2 compares the transformed
state following irradiation in air or water.
Figure 4.2a shows the morphology following 200 pulses in air (at 40 mJ/cm2 ), while Figure
4.2b–e shows the morphology following 200 pulses in water at different energies, 40, 50, 60, and
80 mJ/cm2 , respectively. In each SEM image, the FFT spectrum (in the inset) showed an annular
diffraction pattern establishing the presence of a characteristic length scale. Figure 4.2f–j shows the
morphology following 500 pulses in air (at 40 mJ/cm2 ), and water (at 40, 50, 60, and 80 mJ/cm2 )
respectively. Only nanoparticles were observed here in all the cases.
The size distribution of the particles was analyzed and Figure 4.3 shows the histograms from
the 500 pulse air and water irradiation. It was evident that the average particle size in air was
larger then that in all the water cases, with the higher fluence water irradiation showing a narrow
monomodal distribution in size. The average spacing between particles was determined by analysis of
the RDF, shown in Figure 4.4a. In Figure 4.4b the collated results of the experimentally determined
interparticle spacing (λExp ) and average particle diameter (DExp ) are shown for the various laser
energies used following 500 pulse irradiation in water.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 4.2: SEM image following irradiation of the DIN nanostructures (shown in Figure 4.1). (a)
mJ
Morphology following irradiation for 200 pulses in air at 40 cm
2 . (b-e) Morphology following 200
mJ
pulse under water irradiation at 40 , 50 , 60 , and 80 cm2 , respectively. (f) Nanoparticle morphology
mJ
following irradiation for 500 pulses in air at 40 cm
2 . (g-j) Nanoparticle morphology following 500
mJ
pulse irradiation under water at 40 , 50, 60, and 80 cm
2 , respectively.
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(a)

(b)

(c)

(d)

(e)

Figure 4.3: Size histogram of nanoparticles formed after 500 pulse irradiation of the DIN structure.
mJ
mJ
(a) in air at 40 cm
2 in air, and (b-e) under water at 40, 50, 60, 80 cm2 , respectively.
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(a)

(b)

Figure 4.4: (a) Radial distribution function comparing the 500 pulse irradiation particle morphology
in air and for the various energies in water. The experimental data (symbols) was for to a lorentz
multipeak shape (lines). (b) Comparison of the interparticle spacing λExp in air (solid circles) to
under water (open circles) for various laser fluence. The under water particle diameter DExp (open
squares) is also compared to the particle diameter Dc from volume conservation (closed stars).
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A systematic decrease in spacing and diameter was observed for the under water irradiation (open
symbols). Also shown in the figure are the spacings (closed circles) corresponding to irradiation of
the DIN in air at the various energies. It was evident that the air irradiation did not show any
measurable changes to the size as a function of increasing laser fluence.

4.4

Analysis and discussion

The first interesting finding of this study was that the characteristic length scale (spacing and
size) following irradiation under water was substantially lower then the air case (Figure 4.5c).
Furthermore, the length scales from irradiation in air were virtually independent of the laser fluence,
consistent with earlier dewetting experiments performed on thin films of a different metal [166].
However, the under water irradiation appeared to be strongly dependent on laser fluence, with an
almost linear decrease in length scales with increasing fluence. To understand the reasons for this
difference, we first analyzed the intermediate morphology shown in Figure 4.2a–e. Here, it was
evident that the average size and spacing between the features had increased substantially for the
air irradiation (i.e. compare Figure 4.1a with Figure 4.2a). From the RDF measurements, the
length scale had increased from 34 nm to ~134 nm in air. However, the effect of irradiation in
water appeared different. The 200 pulse intermediate stage length scales increased from the initial
state of 34 nm to 114, 81, 76, and 55 nm for the the under water cases of 40, 50, 60 and 80
mJ/cm2 , respectively. Overall, the ripened structure in air (at 40 mJ/cm2 ) had much larger size
and spacing then in water, as evident from the images. From this we inferred that for the same
total laser irradiation time, the ripening rate for under water irradiation was much lower then in
air. Certainly, this could be one of the key reasons responsible for the observation of the decreased
length scale between particles following irradiation under water (Figure 4.4b).
We also confirmed by a volume conservation approach that the almost linear decrease in particle
size and/or spacing with increasing fluence was not a result of material removal, such as by evaporation and transport by the water vapor medium in the vicinity of the laser heated metal. The
volume conserved diameter DC of the nanoparticles can be estimated from the known value of the
1

film thickness h = 6 nm and the observed experimental length scale λExp as DC = c(θ)(λ2 h) 3 , where
c(θ) is a function of contact angle of the nanoparticles, i.e. its shape. We have observed previously

68

(a)

(b)

(c)

Figure 4.5: Normalized optical absorption spectra from the nanostructures formed under different
mJ
mJ
number of pulses for F=40 cm
2 (a) and 80 cm2 (b) cases. (c) The position of the LSPR wavelength
(solid circles) and change in LSPR wavelength (solid squares) following under water irradiation of
the DIN by 500 pulses for various energies is shown. Inset shows the change in plasmonic quality
factor.
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that Ag has a nearly hemispherical shape on quartz following laser processing [96] and therefore
1

should give a particle diameter of DC = ( 32 λ2 h0 ) 3 . The diameter estimated by this approach is
shown in Figure 4.5(c - star symbols) and are in excellent agreement with the experimentally measured values. This clearly indicated that material evaporation was not responsible for the smaller
sizes.
A second interesting finding pertains to the final particle spacing and size (after 500 pulses) in
relation to the intermediate ripened state (200 pulses). Specifically, the average particle spacing
following the 500 pulses was significantly different in air versus water, ~167 nm for the air case at 40
mJ/cm2 , and 141, 79, 74, and 40 nm at 40, 50, 60, and 80 mJ/cm2 for the water cases, respectively,
as evident from Figure 4.5c. Since we ruled out the role of evaporation above, this implied that
in addition to a difference in the ripening behavior, the length scale with which the intermediate
structures were breaking-up appeared to have been significantly modified by the water irradiation.
To interpret this result, we have considered the transformation of the ripened structures as coming
from a break-up instability similar to that seen when liquid cylinders break-up into droplets, i.e. the
Rayleigh-Plateau (RP) instability [167, 168] It is a familiar observation that a liquid jet, initially
of constant radius falling under gravity can break-up into droplets. The liquid length increases and
reaches a critical value. At this critical value, the jet loses its cylindrical shape as it decomposes
into a stream of droplets. This phenomenon occurs primarily as a result of competing capillary and
inertial forces. Here we suggest that pressure gradients generated along the surface of the ripened
structures by the rapid evaporation of water during the laser heating of the nanostructures is playing
a key role. It should be mentioned that the laser energies used in our experiments are above the melt
threshold energies of the Ag metal and therefore, it can be assumed that the morphology changes
are occurring in the molten liquid phase of the metal. Since these temperatures are substantially
above the boiling point of water, a rapid evaporation leading to large local pressures develop and
could modify the time and length scales of the RP instability. This line of reasoning would be similar
to that seen in recent works done on continuous thin films or bulk surfaces, in which, pulsed laser
heating under fluid ambients resulted in appearance of instabilities driven by the large local film
thickness-dependent pressure differences generated by the rapid fluid evaporation [1]. By assuming
that the intermediate ripened stage could be considered as liquid cylinders, such as depicted in
Figure 4.6, we analyzed the break-up length scale of cylinders of infinite length (i.e. where length L
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Figure 4.6: Model depicting a cylinder with a surface perturbation and the external pressure terms
that can modify the classical Rayleigh-Plateau instability.
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> >Radius R) under isothermal conditions due to the actions of, (a) Laplace pressure due to surface
tension γ and local curvature (labeled as R in the figure), and (b) a local radius dependent external
pressure acting normal to the surface (labeled as P ext (x1 ) and P ext (x2 ) in the figure), such as due
to the rapid evaporation of water in our experiments. Since the dimensions being considered here
are in the nanoscale, we can ignore the role of gravity as an additional pressure term. In the RP
instability, the cylinder can break-up into a large number of smaller spheres provided the spheres
have a critical radius r? that reduces the overall surface area. By comparing the surface to volume


2
3
2πRL
2
A
=
ratios of the sphere and cylinder, VA sphere = 4πr
and
4
3
r
V cylinder = πR2 L = R , the condition
πr
3

for a decreasing surface area is Rr ≥ 32 or r? = 3R
2 .
We used this approach by first evaluating the total pressure acting on a cylinder with a radius
that is sinusoidally perturbed along its length such that at any position x, the radius is r(x) =
Rm + δcos( 2π
l x) [168], as shown in Figure 4.6. Here δ is the amplitude of the perturbation, l is the
x periodicity and Rm is the average radius, which, due to volume conservation, is not equal to the
original radius R. The pressure inside the cylinder along the x axis at any point can be expressed
as:

P (x) = P ext (x) + γ(

1
1
+
)
R1x R2x

(4.1)

where R1x and R2x are the principle radii of curvature of the cylinder section normal to the
x-axis and along the x-axis, receptively and P ext (x) is the external pressure acting on the cylinder
surface. The volume of the cylinder is given by
ˆl
2
πr(z)2 .d(z) = πR2 l = π(Rm
+

Vl =

δ2
)l
2

0

Hence volume conservation requires that
r
Rm =

1 δ
R − ( )2 ∼=
2 R



1 δ2
R−
4R



(4.2)

From this, the pressure inside the cylinder at position 1 and 2 along the x-axis (Figure 4.6)can
be expressed as:
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P (x1 ) = P


P (x2 ) = P

ext

ext



1
δ(2π)2
−
Rm − δ
l2





1
δ(2π)2
+
Rm + δ
l2



(x1 ) + γ

(x2 ) + γ

(4.3)

(4.4)

In order for the break-up to occur, the liquid must move from regions of smaller radius, like
point 1 in Figure 4.6 (a trough) to the larger radius, point 2 in Figure 4.6 (a crest) and in order for
this to occur, P (x1 ) ≥ P (x2 ), which can be expanded as:

P

ext


(x1 ) + γ

1
δ(2π)2
−
Rm − δ
l2


≥P

ext


(x2 ) + γ

1
δ(2π)2
+
Rm + δ
l2



(4.5)

which, after rearranging the terms, leads to the inequality:

l2 ≥

2 − δ2)
2γδ(2π)2 (Rm
2 − δ2)
2γδ + (P ext (x1 ) − P ext (x2 )) (Rm

(4.6)

From Eq. 4.2, ignoring the higher order terms in δ. leads to Rm ≈ R, and under this approximation, the above equation simplifies to the minimum break-up length being expressed as:
(l2 = λ2min ) ≥

(2π)2 R2
1+

(P ext (x1 )−P ext (x2 ))R2

(4.7)

2γδ

finally, the above expression can be simplified as

(l = λmin ) ≥ α2πR
where α =

q

1/(1 +

(4.8)

(pext (x1 )−pext (x2 ))R2
)
2γδ

From this, various cases can be analyzed for the break-up length scale. First, if there is no
difference externally applied pressure along the surface of the perturbed cylinder, i.e. the external
pressure at positions1 and 2 are identical, i.e. P ext (x2 ) = P ext (x1 ), this equation reduces to the
classical Rayleigh-Plateau instability of fluid jets of l2 ≥ (2π)2 R2 , yielding a minimum break-up
length of (l = λLa ) ≥ 2πR, as expected. Second, if the pressure difference is a stabilizing one, i.e.
P ext (x2 ) > P ext (x1 ), then an increase in break-up length scale or even a complete suppression of
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the break-up process can be expected. However, if P ext (x2 ) < P ext (x1 ), then one can expect to see
a reduced length scale for the break-up, as we believe is happening in our experiments.
In order to understand how the under water pulsed laser heating can lead to such pressure
gradients, we propose a purely qualitative argument based on the fact that the local temperature
of the material is dependent on the radius such that T(x1 ) > T(x2 ). In such cases, since the gas
pressure generally increases with temperature, once can expect the external pressure to satisfy the
condition P ext (x2 ) < P ext (x1 ), thus leading to the lowered break-up length scales. The origin of such
thermal gradients under pulsed laser heating, in which the thinner regions of the film reach higher
temperatures, have been theoretically verified and supported by indirect experiments of pulsed laser
heating of nanoscale thick films, as reported in[169, 170, 1]. The origin of this previously reported
thickness-dependent temperature rise can be summarized to come from the following effects. First,
the absorption of laser energy in the material is exponentially dependent on the thickness through
the Beer-Lambert’s law. Second, the amount of light reflected by the metal nanostructure is also
thickness dependent [171, 172]. Finally, the heated mass of metal is also thickness dependent.
Consequently, as shown in references [169] and [1], the temperature rise of a film for irradiation
by fixed laser fluence is strongly dependent on thickness resulting in situations where T(h1 ) >
T(h2 ), for film thickness h1 < h2 . The nanostructures being investigated here are likely to show
more complexity in their laser heating due to the fact that they have sizes comparable to the laser
wavelength and so an accurate model for thermal effects will need to include the role of scattering
on temperature rise in such structures. Such a calculation is presently beyond our scope and so we
emphasize that our interpretation is a highly simplified picture based on a physical principle that
has been experimentally observed before, i.e. that the local temperature in thinner regions can be
higher then in the thicker regions, eventually leading to the pressure gradients that enhance the RP
instability.
The RP instability has also been seen previously during the pulsed laser dewettiong of metallic
thin films in air [75] and under ion irradiation-induced dewetting of high aspect ratio nanostructures
under vacuum [79]. However, in these previous observations, no strong correlation between the RP
length scale and irradiation conditions (such as laser fluence) was observed, similar to our results for
irradiation in air. Therefore, our under water irradiation results suggest that it may be possible to
modify the RP length scale through changing laser fluence. Another important practical implication
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of the under water irradiation can be seen from Figure 4.6. In Figure 4.5a and b, the normalized
optical absorbance is shown for under water irradiation at 40 and 80 mJ/cm2 respectively. In Figure
4.5a, the large absorption corresponding to the localized surface plasmon resonance (LSPR) peak
blue shifts from ~550 nm for the DIN to ~440 nm following irradiation in air, consistent with a
decreasing nanostructure size. The peak following 200 pulses also showed evidence for a broad peak
at ~575 nm and this could be attributed to the shape asymmetry in the ripened structure, i.e. a
large length to width ratio, which can support two different plasmon resonances [173]. Additionally,
the peak following 500 pulses was significantly narrower then the one following 200 pulses. This
indicated that the size distribution of the particles was considerably narrower for the 500 pulses then
after 200 pulses. A similar trend was observed for the 80 mJ/cm2 case, shown in Figure 4.5b. To
quantify the plasmonic changes, the LSPR wavelength (λ), wavelength shift (∆λ), and the quality
factor of the plasmon peak, which is measured as Q = λ/∆λ, are shown in Figure 4.5c following
500 pulse irraditation in water at 40 and 80 mJ/cm2 [174]. As evident, the laser irradiation under
water could be used to tune the plasmon resonance over a range of ~100 nm from the starting DIN
value of ~550 nm to ~440 nm. The quality factor, which is a very important consideration in LSPR
sensing applications, and captures the sharpness of the plasmon resonance, increased by nearly 5
fold from the DIN value to the highest fluence under water irradiation (inset figure).
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Chapter 5

In-situ contact angle tuning of silver
nanostructures by laser heating in
different fluids ambients
5.1

Summary

It has been theoretically suggested by Yan et. al. [123] that the contact angle θc of a droplet on
any given surface can be controlled by placing in an appropriate surrounding environment. Here we
report the first experimental demonstration of such an in-situ contact angle tuning of Silver (Ag)
nanoparticles on quartz substrates via nanosecond pulsed laser heating under various fluid ambients,
like air, water and glycerol. Nanosphere lithography (NSL) was used to deposit Ag nanopyramids
on quartz substrates. This system was subsequently melted by laser heating inside the various fluids
to form nanoparticles. By using a combination of top and side view scanning electron microscopy
(SEM) imaging, the contact angle of Ag nanoparticles could be tuned between a near hemispherical
shape (θc ∼ 99o ) under air irradiation to nearly spherical (θc ∼ 167o ) under glycerol irradiation.
The mechanism of this contact angle change could be explained quantitatively by the changing
interfacial energies of the substrate and metal in the various fluids. Similar contact angle control
was also achieved for nanoparticles created by dewetting of Ag thin films in the various fluids. One
practical implication of this contact angle tunability is the ability to change the intensity ratio of the
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quadrupolar to dipolar localized surface plasmon resonances in the Ag nanoparticles. This work also
has implications to those applications in which nanoparticles on a substrate are heated in various
gas or fluid ambients, such as in catalysis, as the ensuing shape change can modify properties.

5.2

Experimental details

Ag pellets with purity of 99.999% metal basis were purchased from Alfa-Aesar. Ethanol, acetone
and isopropyl alcohol were purchased from Sigma-Aldrich. Quartz wafers were purchased from
University Wafers and cut into the size of 1 cm x 1 cm and sonicated in acetone, isopropyl alcohol
and finally in deionized (DI) water. Polystyrene beads suspension of 500 nm diameter was purchased
from Alfa-Aesar. Ag films of thickness ∼20 nm were deposited in Ultra High Vacuum chamber
using electron-beam evaporator (model Mantis QUAD-EV-C) at base pressure of 1 x 10-8 Torr. Ag
nanopyramids of thickness ∼20 nm were prepared using Nanosphere lithography (NSL) technique
[10]. After deposition of silver metal, samples were sonicated in ethanol to remove mask which
leaves Ag nanopyramids. A 50 µL droplet of water, glycerol or water-glycerol mixture was placed
on the Ag thin film and Ag nanopyramid array made on quartz substrates. The samples were
irradiated from the bottom surface of the quartz substrates using ultra violet pulsed laser with 50
Hz repetition rate, pulse width of 9 ns and 266 nm wave length for a duration of ∼1 s (or 50 pulses)
using a Quanta-Ray Pro-Series Nd:YAG LASER system. A laser fluence value of 60 mJ/cm2 was
chosen in order to be able to to melt the Ag nanopyramids or films of thickness ∼20 nm [71].
Following irradiation, the samples were rinsed in deionized (DI) water to remove any residue (such
as of glycerol) from the quartz substrates. Ag nanoparticle shape was characterized by imaging
using a Merlin Zeiss scanning electron microscope (SEM) at 2 kV accelerating voltage. Substrates
with Ag nanoparticles were mounted at 100 degree angle to the electron beam direction in SEM
imaging to obtain side view images and at 90o angle to obtain plan view morphology. Finally, the
optical transmission properties were measured by HR 2000+ ES spectrophotometer from Ocean
Optics. ImageJ [148] software was used to calculate contact angle and aspect ratios of nanoparticles
from at least 6 nanoparticles.

77

5.3

Results

The typical SEM morphology of a Ag nanopyramid array prepared by NSL is shown in the Figure
5.1a. In addition to large regions of the hexagonally-arranged nanopyramids, defective regions
consisting of interconnected nanopyramids can also be found, as highlighted by the dotted oval
in the Figure 5.1a. Such defects are inherent to the NSL technique due to polystyrene nanosphere
lattice grain boundary formation during mono layer mask fabrication. We have utilized these regions
to our advantage in the following manner. The typical SEM morphology following laser melting in
air is shown in Figure 5.1b and the regions containing defects transform into larger nanoparticles
as compared to the individual nanopyramids, as shown by the side view SEM image in the inset of
Figure 5.1b. This side view SEM image was obtained by mounting the quartz substrate at 10o to
incident electron beam direction. Such large particles makes the measurement of the contact angle
as well as the nanoparticle aspect ratio, defined by the ratio of height to diameter, significantly
easier. The contact angle of the nanoparticle can be directly measured from such side view images.
In order to obtain the correct nanoparticle aspect ratio (i.e. height to diameter), a geometrical
correction factor accounting for the angle of viewing needed to be applied to the height measured
in side view. As shown in the inset diagram (blue box in Figure 5.1b) the actual height (ha ) of a
Ag nanoparticle is obtained from the measured height (hs ) and contact angle of the nanoparticle
(θc ) via the equation: ha = hs {1 + sin10o (1 + cosθc )}. On the other hand, the diameter measured
from the side view image was independent of the viewing direction.
The SEM morphologies of as-prepared Ag nanopyramid arrays before and after laser melting
in various fluids are shown in Figure 5.2. Each row of SEM images represents a specific viewing
direction: with the the side view shown on the top row and plan view shown on the bottom row. Each
column of images in the SEM represents a specific surrounding environment during laser melting,
with the first column (Figure 5.2a and e) showing the as-prepared Ag nanopyramids on quartz. The
side view SEM images of Ag nanoparticles shown in the Figure 5.2b–d were specifically chosen to
show the bigger nanoparticles arising from Ag NSL defects, as described in the earlier paragraph
and shown in Figure 5.1a, so that the contact angle can be demonstrated clearly. Plan view SEM
morphologies shown in Figures 5.2f–h represent nanoparticles formed from the defect-free regions
of the Ag array. Following irradiation in air the Ag nanopyramids have changed into a rounded
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Figure 5.1: SEM image of Ag NSL. (a) As-prepared Ag nanopyramids and Ag NSL defects. (b)
Following laser irradiation in air with inset of side view and the relationship between actual height
(ha ) of Ag nanoparticle and height measured from side view (hs ) SEM image. Scale bar in all images
is 100 nm.
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Figure 5.2: SEM images of nanoparticles made in various fluids. Top row (a-d) corresponds to
side view SEM at 10o , while bottom row (e-h) corresponds to plan view SEM. (a,e)As-prepared
Ag nanopyramids. (b,f) Ag nanoparticles following irradiation in air. (c,g) Following irradiation in
water. (d,h) Following irradiation in glycerol. Scale bar in all images is 100 nm.
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shape (as evidenced from the top view in Figure 5.2f), with the side view (Figure 5.2b) showing an
increase to a 99o contact angle. While a similar rounding of shape and increase in contact angle is
seen for the water (Figure 5.2c and g) and glycerol (Figure 5.2d and h) irradiation cases, the side
views suggest much higher contacts angles in water and glycerol.
The side-view showing increase in contact angle in going from air to water to glycerol was
also supported by the top view showing a corresponding decrease in particle diameter as shown
in the Figure 5.2f–h, as would be expected by volume conservation arguments. In Table 5.1 the
experimental (θcexp ) contact angles and aspect ratios calculated from the height and diameter are
provided.
Average values of experimental contact angles were calculated from six nanoparticles in each
case and one standard deviation from the mean represented the error, which largely originated from
the precision of drawing tangent lines at the three phase contact line in the ImageJ software. The
key quantitative results reported in Table 5.1 could be summarized as follows. The contact angle
increased in going from air to water to glycerol and the the aspect ratio also increased, consistent
with the contact angle change.

5.4

Analysis

Non-spherical particles reduce their total surface energy by minimizing their surface area by progressing towards a spherical shape. Specifically, nanostructures on substrates typically transform
into spherical cap shaped nanoparticles provided they have the appropriate energy and kinetic environment. The rate at which the nanostructures transforms into spherical cap shaped nanostructures
depends on the surface and volume self-diffusivity of the material, which in turn can be varied by
the temperature of the nanostructure. The metallic nanostructures reach equilibrium when there is
no further decrease in surface area and the contact angle made by the spherical cap nanostructure
on the substrate is determined by surface energies of metal and substrate and the interfacial energy
of metal-substrate interface according to Young’s equation [120]. However, when the nanoparticle - substrate system is exposed to fluid environment different from air as shown in the Figure
5.3, the various surface energies are modified to the corresponding interfacial energies of the metal
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Table 5.1: Tabulation of contact angles and aspect ratio in various fluids. The experimental values
of contact angle and aspect ratio correspond to measurements from following heating of the Ag
nanopyramids on quartz substrates. The theory calculations are shown in Sec. 5.4.
Fluid
Air
Water
Glycerol

Experimental
contact angle (θcexp )
99o ± 5
135o ± 7
164o ± 4

Theoretical
contact angle (θcth )
120o
146o
159o
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Aspect ratio
(height/diameter)
0.53 ± 0.02
0.75 ± 0.02
0.93 ± 0.03

Figure 5.3: Schematic of Ag spherical cap nanoparticle in liquid environments.
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(Ag)-surrounding fluid (γAg−f luid ) and substrate (Quartz)-surrounding fluid (γf luid−quartz ). Based
on this, the Young’s equation is modified and thus the water and glycerol environments should give
different contact angles θcin f luid determined as:

θcin f luid = cos−1 {

γf luid−quartz − γAg−quartz
}
γAg−f luid

(5.1)

Using the interfacial energies of interfaces involved in both water and glycerol environment cases
and substituting them in Eq. 5.1, the contact angles of Ag nanoparticles on quartz substrate in air
(θcAir ) water (θcW ) and glycerol (θcG ) can be calculated as below:
γQ − γAgQ
}
γAg

(5.2)

θcW = cos−1 {

γW Q − γAgQ
}
γW Ag

(5.3)

θcG = cos−1 {

γGQ − γAgQ
}
γGAg

(5.4)

θcAir = cos−1 {

√
√
γAB = ( γA − γB )2 = γA + γB − 2

q
q
d γd − 2 γp γp
γA
B
A B

(5.5)

Where γW Q , γAgQ , γW Ag , γGQ , and γGAg are interfacial energies of water-quartz, silver-quartz,
water-silver, glycerol-quartz, and glycerol-silver interfaces, while γW , γG , γQ and γAg are the surface
energies of water, glycerol, quartz and silver, respectively. The interfacial energy (γAB ) of an
interface formed by two materials A and B can be calculated by geometrical mean theory [175],
as shown in Eq 5.5. Often, the experimental values of interfacial energies of a desired material
with various interfaces, such as quartz, water, and glycerol are not readily available in literature.
In this case, the the various interfacial energies can be calculated as follows. The surface energies
(γ) contain contributions from three terms, the dispersive interactions (γ d ), the polar effects (γ p )
and the metallic bond (γ m ) so that γ = γ d + γ p + γ m [175, 121]. In the case of metals, the
p
polar component ( γmetal
) can be neglected and taken as zero [176] and for non metallic materials

contribution from metallic bond (γ m ) can be taken as zero. In Table 5.2, the surface energies of
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Table 5.2: Tabulation of available literature values for various quantities. Surface energies along
with their corresponding dispersive, polar, and metallic component obtained from literature. .
Material
(reference temperature, o C)

Total surface
energy
(γ, mJ/m2 )

Dispersive
component
( γ d , mJ/m2 )

Polar
component
( γ p , mJ/m2 )

Metallic
component
( γ m , mJ/m2 )

Glycerol (25o C)
Water (25o C)
Silver ( 961o C )
Quartz ( 961o C )

63[178]
73[180]
910[160]
270[182, 183]

37[179]
21[179]
440[181]
107[177]

26
52
0
163

0
0
470
0
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the various materials used in this work along with the values of their dispersive, polar, and metallic
components are noted based on available literature values.
The polar component of surface energies of glycerol and water are obtained by deducting dispersion component from total surface energy. For silver, metallic component is obtained by deducting
dispersion component from total surface eenrgy. In the case of quartz, dispersive and polar components are calculated using dipserive to polar component ratio [177] of total surface surface energy.
Next, the interfacial energies of various interfaces involving water, glycerol, silver, and quartz
were calculated by substituting surface energies and their corresponding dispersive, polar, and
metallic component values from Table 5.2 into Eq. 5.5 as follows:

γAgQ = γAg + γQ − 2

q

d γ d = 747 mJ/cm2
γAg
Q

q
q
d γ d − 2 γ p γ p =84 mJ/cm2
γW Q = γW + γQ − 2 γW
Q
W Q
q
q
d γ d − 2 γ p γ p =89 mJ/cm2
γGQ = γG + γQ − 2 γG
G Q
Q
q
d γ d =796 mJ/cm2
γW Ag = γW + γAg − 2 γW
Ag
γGAg = γG + γAg − 2

q
d γ d =726 mJ/cm2
γG
Ag

Finally, the theoretical contact angles (θcth ) of Ag nanoparticles formed in air, water and glycerol
were calculated by substituting theoretical interfacial energies calculated above in Eq. 5.1 and
these values are shown in Table 5.1. Consistent with the experimental findings, the theoretical
contact angles increased in going from air to the fluids as shown in the Figure 5.4 and could be
directly attributed to the changes in Ag-surrounding fluid and quartz-surrounding fluid interfacial
energies since the Ag-quartz (γAgQ ) remained constant. The interfacial energies of an interface
formed by materials A and B varies between pure surface energies of materials A and B [175].
Therefore, the interfacial energies of Ag-surrounding fluid is lower than Ag surface energy and
quartz-surrounding is lower than quartz surface energy. By applying these conditions in Young’s
equation, the contact angle of Ag droplet under any surrounding fluid is always theoretically larger
than in air. Furthermore, the variation in dispersive component of surface energy between water
d ) and glycerol (γ d ) produced a large difference between the Ag-water (γ
(γW
W Ag ) and Ag-glycerol
G
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Figure 5.4: Comparison of experimental and theoretical contact angles. The open circles and squares
correspond to the experimentally measured values for the Ag films and nanopyramids heated in
various fluids. Solid squares correspond theoretical values of contact angles calculated from surface
energies of water and glycerol at room temperatures. The error bars represent one standard
deviation from the mean.
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(γGAg ) interfacial energies which resulted in the significant increase in contact angle in going from
water to glycerol. In Figure 5.4, the experimentally measured contact angles (open squaresand circles
represent Ag nanoparticles formed from NSL nanopyramids and films respectively) are compared
to the theoretical values (solid square). Very good agreement was found for the trend in contact
angle with changing fluid type and a reasonably good quantitative agreement was also evident in
the values of the contact angle implying that the metallic system exhibited very good agreement
with the theoretical ideas of Yan et al[123].
The theoretical contact angle values are calculated using room temperature values of water and
glycerol and their values appears to be closer to experimental contact angle values. SEM image of Ag
silver nanoparticle formed after single laser pulse as shown in the Figure 5.5a and b indicates that a
single laser pulse is sufficient to form Ag spherical cap nanoparticle from nanopyramid. Figure 5.5c
shows the temperature profile of Ag nanopyramid with a single pulse laser irradiation. It is known
that vapor region of bounding liquid forms above metal film surface which is heated under liquids
using pulsed laser irradiation [1]. Also, the pressure generated by vapor has no role on contact
angle as shown in the supporting information. We propose that the time scale of vaporization of
surrounding fluid is larger than liquid life time of molten silver (∼15 ns)as shown in the temperature
profile of Ag nanopyramid in the Figure 5.5c . This might justify the usage liquid surface energy
values of water and glycerol in Young’s equation shows contact angle increase in fluids whereas
assuming vapor phase shows no contact angle change in Young’s equation since the surface energy
of vapor is zero.

5.5

Discussion

Clearly the shape transformation of Ag nanopyramids into nanoparticles with different contact
angles presented in Sec. 5.3 and 5.4 suggests that it is possible to in-situ tune the contact angle of a
nanostructure by simply heating in different fluids. Given the simple form of the theory underlying
this contact angle tuning, this process should be independent of the initial shape/type of the metallic
nanostructure, provided sufficient kinetics is provided to complete the formation of nanoparticles.
To verify this hypothesis, we have also investigated the transformation of Ag thin films ( thickness
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Figure 5.5: SEM images of (a) As-prepared Ag nanopyramids and (b) after a single pulse (9 ns)
irradiation in air. (c) Temperature profile of Ag nanopyramid during single pulse irradiation. The
scale bar in (a) and (b) is 100 nm.
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∼20 nm) into nanoparticles by the laser heating and dewetting process. As described in detail in
ref. [71], when Ag films with thickness between 5 - 20 nm are laser melted in air, they undergo a
spontaneous break up into droplets via the spinodal dewetting instability. Here we compared the
contact angle of the dewetted droplets following laser irradiation of the metal films in air, water, a
50% v/v water-glycerol mixture, and glycerol to study whether the contact angle increase in fluids
applies to nanoparticle formed from thin films. The SEM morphologies of Ag nanoparticles formed
from thin films are shown in Figure 5.6 with the top row representing the side view and bottom
row representing the plan view. As in sec. 5.3, the contact angle was calculated from the side view
while the aspect ratio was calculated from the height and diameter, and these values are shown in
Table 5.3.
The contact angle trend as well as the aspect ratio was identical to the Ag nanopyramid case
presented earlier (Table 5.1 and Figure 5.1), i.e. θc increased as the fluid went from air to water
to glycerol and the aspect ratio increased with increasing θc . In Figure 6.5, the square symbols
represent the experimental contact angles for particles formed from the film case. It is evident that
their values are also very similar to those obtained for the nanopyramids (closed circles) and to the
theory calculated values (dashed line). This result supported the general effect of the surrounding
environment during heating, i.e. it can control the nanoparticle contact angle even for various initial
states of the nanostructures.
The modification of contact angle of a nanoparticle on the surface can have profound impact
on its physical properties. As mentioned in the introduction, Ag is a well known plasmonicallyactive metal and so we investigated the role of changing contact angle on the optical absorption
behavior of the various contact angle systems generated in this work. Figure 5.7a shows the optical
absorbance plots from Ag nanoparticle arrays formed in the various environments by heating of
Ag nanopyramids arrays, while Figure 5.7b shows the result following heating of the thin films.
From Figure 5.7a, the initial dipolar plasmonic peak of the nanopyramids at 740 nm (blue dashed
curve) blue shifts upon nanoparticle formation in the various fluids. However, the nanoparticles,
despite having the same total volume, themselves show significant difference in the position of the
dipolar resonance (marked on the figure) and the relative intensity of the quadrupolar peak (marked
on figure) to the dipolar peak. It is well known that spherical shapes have the largest ratio of
quadrupolar to dipolar peak intensity [130], and this is indeed evident in the observations of Figure
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Figure 5.6: SEM images of nanoparticles formed by laser dewetting of Ag thin films on quartz. Top
row corresponds to side view while bottom row corresponds to plan view. (a,e) Following irradiation
in air. (b,f) Following irradiation in water. (c,g) Following irradiation in water-glycerol mixture
(50/50 v/v%). (d,h) Following irradiation in Glycerol. The scale bar for the top row is 100 nm and
for the bottom row 2 is 400 nm.
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Table 5.3: Tabulation of contact angles and aspect ratio arising from dewetting of Ag films in
various fluids. Contact angles and aspect ratios of nanoparticles formed in air and under different
liquids by pulsed laser irradiation of Ag thin films on quartz substrates. The error bars represent
one standard deviation from the mean.
Fluid
Air
Water
50% (v/v) Glycerol
Glycerol

Contact angle (θcexp )
104o ± 4
131o ± 6
153o ± 3
167o ± 5
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Aspect ratio
0.56 ± 0.03
0.72 ± 0.02
0.88 ± 0.02
0.96± 0.03

Figure 5.7: Optical absorbance plots showing dipolar and quadrupolar plasmonic resonances. (a)
For nanoparticles formed from Ag nanopyramids. (b) For nanoparticles formed from Ag thin films.
The intensity ratio of the quadrupolar to dipolar peak increases with increasing contact angle (i.e.
in going from air to water to glycerol).
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5.7a, wherein, the glycerol case (solid green line) shows the highest quadrupolar to dipolar ratio
as compared to air or water cases. In other words, the ratio is an indirect measure of the contact
angle/shape of the plasmonic nanoparticles. A similar behavior was found for the nanoparticles
prepared from the Ag film, as shown in Figure 5.7b suggesting that plasmonic nanoparticle systems
with a desired quadrupolar to dipolar intensity could be simply fabricated by the in-situ contact
angle tuning process described here.
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5.7

Supplementary information

5.8

Role of external pressure on contact angle

Figure 5.8 shows schematic of droplet contact angle in two different hypothetical surrounding
medium with different surrounding pressures.
For a given volume of silver spherical cap with surface energy (γi ), the relationship between
radius of curvature (R),radius of spherical droplet (Ro ) with same volume as spherical cap, and the
contact angle (θ) is given by Eq. 5.6.

R=

2Ro
√
{(1 − cosθ) 2 + cosθ}

(5.6)

Case 1: Surrounding medium at atmospheric pressure (Patm ) , contact angle (θ1 ), radius curvature (R1 ), and pressure inside the silver cap is (P1 )

∆P1 = P1 − Patm =

∆P1 = P1 − Patm

2γi
R1

√
2γi (1 − cosθ1 ) 2 + cosθ1
{
}
=
Ro
2

(5.7)

(5.8)

Case 2: Surrounding medium at higher pressure (Pext ) than air, Pext >> Patm , contact angle
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Figure 5.8: Schematic figure of Silver droplet in (a) air, and (b) vapor phase of water/glycerol.
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(θ2 ), radius curvature (R2 ), and pressure inside the silver cap is (P2 )

∆P2 = P2 − Pext =

∆P2 = P2 − Pext

2γi
R2

√
2γi (1 − cosθ2 ) 2 + cosθ2
=
{
}
Ro
2

(5.9)

(5.10)

Divide Eq. 5.8 by 5.10,
√
(1 − cosθ1 ) 2 + cosθ1
P1 − Patm
√
=
P2 − Pext
(1 − cosθ2 ) 2 + cosθ2

(5.11)

Known variables are P1 , Patm , θ1 and Ro ,
Unknown variables are P2 , Pext and θ2 ,
Assuming Pext is a positive integer multiple of Patm ,
Then, still two unknown variables remaining are P2 and θ2 with only one equation (Eq 5.11)
This means that only trivial solution to this problem is θ1 =θ2 or pressure has no role in contact
angle, which indicates that ∆P1 = P1 − Patm = ∆P2 = P2 − Pext
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Chapter 6

Explosive vaporization of metallic
nanoparticles on a surface by nanosecond
laser heating under confined fluids
6.1

Summary

The rapid laser heating of material beyond their boiling point has been associated with a variety
of interesting phenomenon, such as supersaturated vapor formation and explosive evaporation. Here
we study the nanosecond pulsed laser heating of Ag nanopyramids and thin films deposited on a
quartz substrate under various fluids. Rapid heating of Ag nanopyramids in vacuum demonstrated
that a large fraction of the vaporized material was redeposited onto the substrate confirming an
explosive vaporization process. When the Ag nanostructures were heated under bulk fluids like water
and glycerol, a decrease in the localization of the vaporized material was observed. We hypothesize
that the size of the bulk fluid’s vapor zone surrounding the metallic nanoparticles, which in turn is
determined by the thermal diffusivity of the bounding fluid, confines the metal vaporization process.
While a large amount of material is lost to the ambient in this process, the redeposited material
shows a significant decrease in size and increase in particle density, by nearly 2500% in going from
air to glycerol. This behavior of the metal vaporization under bounding fluids could be used to tailor
the size and density of nanoparticles on a surface as well as investigate the highly non-equilibrium
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process of explosive vaporization.

6.2

Experimental details

Ag metal pellets with purity of 99.999% metals basis were purchased from Alfa-Aesar. Ethanol,
acetone were purchased from Sigma-Aldrich. Quartz wafers were purchased from university wafers
and cut into the dimensions of 1 cm x 1 cm. Cut quartz substrates were sonicated in Acetone,
ethanol and DI water for 30 min and then dried. Ag thin films with thickness of ∼15 nm were
deposited in the Ultra High Vacuum (UHV) chamber at base pressure of 1x10−8 Torr using QUADEV-C electron-beam evaporator. Ag nanopyramids of height ∼30 nm were prepared by nanosphere
lithography using polystyrene nanospheres of diameter 500 nm [10]. A 50 µL droplet of water or
glycerol was placed on the Ag nanopyramid or thin film and the pulsed laser (Quanta-Ray ProSeries Nd:YAG LASER) of wavelength 266 nm, repetition rate of 50Hz, and pulse width of 9 ns was
incident from the bottom of the quartz substrate. The typical laser fluences and irradiation duration
used were 180 mJ/cm2 and ∼1 s to 2 min. Also, Ag nanopyramids were irradiated in air and in
vacuum of base pressure 1x10−8 Torr. After irradiation, the samples were sonicated in DI water to
remove residual glycerol on the substartes and then dried. Scanning Electron Microscope (SEM)
was used to study the surface morphology of Ag nanoparticles. Optical transmission properties of
the samples were characterized by HR spectrophotometer 2000+ from 200 to 900 nm wavelength
range. Nanoparticle spacings and sizes were measured by ImageJ image analysis software [148].

6.3

Result and analysis

Figure 6.1a shows the SEM images of as-prepared Ag nanopyramids while Figure 6.1b shows the
morphology following pulsed laser irradiation in Ultra High Vacuum (UHV) under a background
pressure of 1 × 10−8 Torr . The irradiation was performed at a laser fluence of F = 180mJ/cm2
for the duration of ∼1 s or 50 pulses. This laser fluence is sufficient to take the metal beyond
its boiling point. It is evident that the initial nanopyramids are transformed into smaller droplets
along with a high density of much finer sized nanoparticles at significant distances away from the
original “mother” particle. The plan view SEM image showed that the newly formed particles had a
circular cross-section consistent with a spherical cap shape. Furthermore, the contact angle of these
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Figure 6.1: Transformation of nanopyramids into nanoparticles under pulsed laser heating. SEM
image of (a) as-prepared Ag nanopyramids and (b) after pulsed laser irradiation at fluence of
180mJ/cm2 for the duration of ∼1 s in Ultra High Vacuum at base pressure of 1 × 10−8 Torr.
Inset shows the fast fourier transform or diffractrion pattern from the nanoparticle distribution. (c)
Radial distribution function of nanoparticles showing a wave number (k=0.21 nm-1 ) corresponding to a most probably nearesdt neighbour spacing between nanoparticles of L = 2π/k = 29 nm.
(d) Nanoparticle size histogram with average diameter Dav = 14 ± 5 nm), with the uncertainity
corresoinding to one standard deviation from the mean. Scale bar in all images is 100 nm.
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particles has been shown previously to be 99o [184], indicating a near hemispherical shape for the Ag
nanoparticles formed in the vacuum environment. Based on this, we could analyze some important
features of the morphology change. First, the difference between the initial and final amount of Ag
remaining on the substrate could be estimated as follows. For the initial Ag nanopyramids shown in
Figure 6.1a, we calculated the effective volume lying enclosed within one hexagon formed by joining
the centers of each nanopyramid, which effectively consists of two Ag nanopyramids. This volume
was estiamated as VN SL = 272270 ± 22000 nm3 based on the deposited material thickness and the
truncated pyramid geometrical volume [10]. The volume of the final state was estimated as follows.
Since the hexagonal pattern of nanopyramids repeat throughout the sample, the true estimate of
material removed from a single hexagonal set of nanopyramids could be best approximated by
considering only the material lying within a hexagon. This hexagon is marked in Figure 6.1b by
the dashed line, and it connects the centers of the original nanopyramids. Based on this, the total
remaining volume was the sum of the particles remaining at the vertices of the hexagon plus the
material inside. Inset of Figure 6.1b shows the fast fourier transform corresponding to the spatial
variation of the nanoparticles while Figure 6.1b shows the corresponding radial distribution function
of this spatial distribution. From this, a characteristic length scale corresponding to the most
likely nearest neighbour distance between the particles was found from the peak in the wavevector
occuring near 0.2 nm-1 . Figure 6.1d shows the size histogram of the nanoparticles lying within
the hexagon as well as the larger particles at the vertices. By using the known contact angle
and spherical cap shape this histogram yielded a total volume for the final Ag nanoparticles to be
VN P s = 263327 ± 15000 nm3 . This value was 96.7 % of the nanopyramidal volume indicating an
overall Ag material loss into vacuum of 3.3 % following the pulsed laser heating.
This analysis also yields important insight into the possible mechanism underlying the material
redistribution. If one compares the volume of an initial nanopyramid( VN SL = 136135 ±11000 nm3 )
to the volume of the spherical-cap particle remaining at the hexagonal vertices (VN P = 46013 ±
8000 nm3 ), there is an approximately 90122 ± 9500 nm3 decrease in volume or 9.5 × 10−16 gms
decrease in mass of Ag from the original nanopyramid. This implies that over the 50 pulses of 9 ns
width, this amount of Ag has either evaporated into vacuum and/or redeposited onto the surface.
To see if this is possible under equilibrium heating conditions, we can estimate the total flux of Ag
atoms leaving the surface by applying the Hertz-Knudsen equation relating the flux to the vapor
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pressure and temperature as follows:

Φe =

αe NA (Pv − Pambient )
p
(2πM RT

(6.1)

where Φe is the vaporization flux in atoms/cm2 -s, αe is the coefficient of evaporation (0 < αe < 1
), Pv is the equilibrium vapor pressure of the metal at temperature T, Pambient is the vapor pressure
of the surrounding ambient, M is the molar mass of the metal, R is the gas constant and NA is
Avogadro’s number. Assuming a maximum evaporation rate with αe = 1 and noting that this is
done in vacuum (Pambient = 0), the flux can be simplified to the well-known expression of Φe =
q
Pv
M
2
−2
22
2
√
atoms/cm -s or in mass flux as, Γe = 5.84 × 10
3.513 × 10
T Pv gms/cm -s. By using
MT
the total surface area of the an initial nanopyramidal Ag deposit measured directly from SEM of
18938 ± 7000 nm2 and a total time of 450 ns, we can approximate that 2.2 × 10−17 gms or 2157 ± 150
nm3 volume or 1.6 % of Ag has been removed from the original nanopyramid.
As estimated above, it is not possible for equilibrium evaporation to explain the large amount of
material being removed by Ag . This implies that the vaporization process is highly non-equilibrium
leading to a rapid increase in vapor, i.e. a supersaturated vapor phase. Such supersaturated vapor
phase can occur due to a combination of the extremely fast heating conditions, as under the ns laser
pulse and a relatively long time for homogeneous nucleation of vapor within the liquid droplet. As
discussed by Miotello et al and Martynyuk [141, 142], this supersaturated or binary phase consisting
of vapor + liquid droplets leads to the removal of material through a rapid ejection of material,
or the explosive evaporation process. In this case the spread of material from the original mother
particle is again consistent with a redeposition process, but occurring from the ejection of droplets
from the binary phase. Figure 6.2 shows a schematic progress of various stages leading to material
redeposition - as the particle temperature rises well above its boiling point, a binary phase of vapor
+ droplets forms at each particle. This phase then “explodes” leading to spread of smaller droplets
at locations away from the mother particle.
Based on this analysis, we can conclude that a fine collection of nanoparticles can be formed
on a surface from a starting set of much larger particles by the rapid laser heating leading to a
explosive evaporation phase. In order to further understand this process and to evaluate if it can
be used to control the density and size of particles redeposited on the surface, we have investigated
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Figure 6.2: Schematic of explosive boiling under fluids.
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the role of a bulk fluid during the rapid laser heating process, as discussed next 6.4.

6.4

Discussion

In previous works it has been reported that laser melting of thin films and nanostructures under
bulk fluids can result in interesting effects. When a metal thin film is heated in the presence of a
bulk fluid, like water, the water vaporizes well before the metal reaches its melting temperature. So
at the instant the metal undergoes a phase change from its solid to liquid state, the surrounding
fluid can exert large gas pressures due to the combination of high temperature and confinement
between underlying solid substrate and the overlaying bulk liquid layer. This effect has been shown
to be involved in a significant change in the dynamics as well as nature of instabilities that cause
Au thin films to form nanoparticles during laser melting under glycerol [1]. A similar “pressure”
related effect has been attributed to the transformation of discrete irregular shaped nanostructures
of Ag into well defined nanoparticles through the Rayleigh-Taylor process [185]. More recently, it
was also shown that melting metal nanoparticles under fluids can lead to a significant change in
contact angle due to a change in the substrate and metal interfacial tensions [184]. Here we have
extended the role of a surrounding fluid in the higher temperature regime of metal vaporization.
Figure 6.3 shows SEM images of Ag nanoparticles formed under ambient air, water and glycerol
by pulsed laser heating at a fluence of 180mJ/cm2 for 50 laser pulses (∼ 1s). It is immediately
evident that there is a significant difference in the distribution of material in going from air to
water and glycerol. While the air case (Figure 6.3a) looks similar to the vacuum, water (Figure
6.3b) and glycerol (Figure 6.3c) show that the satellite particles appear to be larger in size and
more localized around the mother particle and show a much lower concentration of the fine particles
observed for the vacuum or air case. As done earlier, the total material removed from the initial
nanopyramid to the mother particle present at the vertices of the hexagon was estimated for this
50 pulse irradiation. To estimate the volume change accurately, we used the spherical cap shape
of the mother particles based on the known contact angles for Ag nanoparticles melted under air
(θc = 99o ), water (θc = 131o ) and glycerol (θc = 164o ) from Ref. [184]. The resulting change in
nm3 as well as the % change is shown in Table 6.1.
Water and glycerol showed a much higher removal rate than the air. This result was further
confirmation that the material removal is occurring by a highly non-equilibrium process due to the
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Figure 6.3: SEM images of nanoparticles formed from as-prepared Ag nanopyramids under (a) air,
(b) water, and (c) glycerol after pulsed laser irradiation at fluence of F = 180mJ/cm2 for the
duration of ∼ 1 s. Scale bar in all images is 100 nm.
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Table 6.1: Tabulation of various quantities for the fluid irradiation following 50 pulses. Volume
and % volume changes are measured with respect to the initial Ag nanopyramids.
Fluid
Air
Water
Glycerol

Volume change
(nm3 )
48783±12000
62088±16000
123364±6000

% Volume
change
36±9
45±10
90±6
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Spacing
( Λ) (nm)
51±5
49±6
38±8

Diameter
(D) (nm)
62±3
56±4
28±6

Λ/D
0.82±0.05
0.87±0.11
1.45±0.59

following fact. In Figure 6.4, the equilibrium P vs T behavior for water [180], glycerol [180] and
Ag [180] are shown. Clearly, both water and glycerol have much higher vapor pressures than Ag
implying that, according to the Hertz-Knudsen flux e quation, t here s hould b e n o A g evaporation
since Pv is less than the ambient pressure Pambient exerted by the water of glycerol. Clearly, this is
not in accord with the experimental findings o f F igure 6 .3 o r Table 6 .1. O nce a gain, we concluded
that rapid heating of the metal nanostructures to extremely high temperatures results in material
removal and redistribution by the non-equilibrium explosive evaporation process even under the
bulk fluids.
An important question arising from this result was that, if the high pressure exerted by the
surrounding vaporized fluid w as n ot p laying a s ignificant ro le, wh y di d th e na ture of th e particle
size surrounding the mother nanoparticles change in going from air to the water and glycerol case.
To answer this question, we first q uantified th is ap parent eff ect by a qu antity de fined as the local
size parameter (LSP = Λ/D). Here Λ represented the average distance from the center of a mother
particle to its satellite particles or nearest neighbors. In the inset of Figure 6.3 a magnified image
of a mother particle is shown for each irradiation case and its satellites are indicated by the lines
joining the centers of the mother particle to the satellites in the various directions. D was the
average diameter of the mother particle. Both quantities were easily measured from the plan view
SEM images using ImageJ. The values for the various environments are shown in Table 6.1 with the
uncertainties corresponding to 1 standard deviation from the mean values calculated for 6 different
mother particles. The data suggested that the LSP or the material localization increased in going
from air to water to glycerol. Figure 6.4 shows pressure temperature relationship of silver, water,
and glycerol.
Since we have shown that explosive evaporation is most likely at the center of the observations
presented here, the increased localization for water and glycerol over air can be explained as follows.
The size of the bulk fluid’s vapor region surrounding the metallic nanoparticles can be approximated
based on the thermal diffusivity of the vapor phase of the fluids. Over the characteristic time scale
√
of the laser pulse of τ = 9 ns, the thermal diffusion length scale ΛT h = DT h τ for water and
glycerol are ∼36 and ∼29 nm respectively based on the literature values of DT h from reference
[180] . In other words, liquid droplets emitted by explosive vaporization of Ag inside the bulk fluid
environments will see a vapor-liquid barrier at distances of 36 and 29 nm in water and glycerol
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Figure 6.4: Equilibrium vapor pressure vs temperature plots for water, glycerol and silver.
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environments respectively. This barrier is most likely preventing the longer range movement of the
vaporized droplets and hence leads to a more localized distribution of the satellite droplets in the
fluids. This mechanism is depicted in Figure 6.2. We have performed a similar irradiation starting
from Ag films of ∼ 15 nm thickness. Figure 6.5a–c shows the SEM images of Ag nanoparticles
formed following irradiation in air, water, and glycerol at a laser fluence F = 180mJ/cm2 for the
duration of ∼2 min. The average spacing (L = 2π/k) values which were calculated by plotting radial
distribution function of nanoparticles and determining wave number (k) values are shown in the
Figure 6.5d–f. It is clearly evident that the average spacing between nanoparticles (L) and sizes (D)
are very different for the various fluid environments. Shown in Figure 6.5d–f are the size histograms
of the nanoparticles formed under the various cases. The values of L, D, the LSP (=L/D), and the
particle areal densities are shown in the Table 6.2.
Similar to the results from irradiation of nanopyramids, the film case also results in a much
higher localization parameter for glycerol as compared to water, which in turn is much higher
that air. As a result of this localization, irradiation under glycerol also produces a higher areal
density of nanoparticles, approximately 2500% more than in air and 17% more than in water. Our
analysis of the results thus far has largely been focused on the potential causes for the material
redeposition onto the substrate based on the SEM observations of particle size and distribution.
Another important feature is the amount of material being lost to the surrounding bulk fluid during
the explosive evaporation process. We have estimated the total material loss by comparing the
initial film volume (thickness times the SEM window of observation of 1 µm2 to the final nanoparticle
volume accounting for the appropriate contact angles in the various fluid environments, as mentioned
earlier. The result of this calculation is shown in Table 6.2 and it shows that glycerol and water
show higher material loss than air. Despite the presence of a vapor/fluid barrier that we attributed
to the higher localization, it appears that a significant amount of the Ag can be lost into the
surrounding fluids, most likely as Ag atoms coming from the vapor. Clearly, more elaborate work
supported by thermal models for the non-equilibrium temperature needs to be performed to get
a quantitative understanding of the various processes involved. Nevertheless, this work provides
compelling evidence for explosive evaporation as well as the substantial changes occurring inside
fluids.
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Figure 6.5: SEM images nanoparticles formed from Ag thin film (thickness of ∼15 nm) under (a) air,
(b), water, and (c) glycerol after pulsed laser irradiation at fluence of 180mJ/cm2 for the duration
of ∼2 min. Radial distribution function plots of nanoparticles formed under (d) air (wavenumber =
k=0.79 nm-1 ), (e) water (wavenumber = k = 0.16 nm-1 ), and (f) glycerol (wavenumber = k = 0.22
nm-1 ). (g-i) Nanoparticle size histograms of under air, water, and glycerol. Scale bar in all images
is 100 nm.
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Table 6.2: Average values of spacing (L) and diameter (D) of Ag nanoparticles formed from thin
film.
Fluid
Air
Water
Glycerol

Spacing
(L) (nm)
80
39
29

Diameter (D) (nm)
(D) (nm)
50±11
20±7
16±4

L/D
1.6±0.37
1.95±0.7
2.2±0.65
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Nanoparticle areal
density (per µm2 )
390
1168
1370

Material loss (%)
30
41
60
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Chapter 7

Conclusions and future work
A summary of the key tasks performed and their primary outcomes are described below.

7.1

Thermal stabilization of Ag nanostructures

We have investigated a potential technique to stabilize the shape of Ag nanostructures by use of Co
metal as an anchoring material. Despite the high surface energy of Co on glass that should drive
shape change from a triangular pyramid to a sphere, its extremely low diffusivity makes this a slow
process. As a result, Ag metal deposits, either under Co or on top of Co, show significantly higher
shape stability in contrast to pure Ag deposits on glass surfaces. The shape of Ag nanotriangular
pyramid can be stabilized to changes following thermal annealing by utilizing Co deposits. Both,
a pristine Ag nanostructure surface formed by depositing Ag nanotriangular pyramids onto Co
nanotriangular pyramids, as well as Ag underlying Co demonstrate a significantly increased shape
stability compared to pure Ag deposits. This shape stability translates into improved plasmonic behavior through smaller blue shifts and more stable quality factor values following thermal annealing
up to 573 K. Overall, these results demonstrate a new anchoring approach to design Ag plasmonic
materials for high temperature applications.
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7.2

Transformation of irregular Ag nanostructures

We have studied the transformation of an initial discrete array of irregularly shaped nanostructures
of Ag to a final nanoparticle state by pulsed laser irradiation under water and in air. Our studies
show that the nanostructures ripen into larger features before changing into nanoparticles for both
irradiation environments. However, irradiation in water appears to decrease the ripening rate as
well as decrease the break-up length scale of the ripened structures as compared to air. Furthermore, increasing laser fluence for under water irradiation leads to a decreasing particle size and
spacing resulting in a high density of monomodal size Ag nanoparticles. This behavior is absent for
irradiation in air. The behavior in water is most likely due to the significant influence of pressure
gradients developed by the evaporation of water under the pulsed laser melting of the metal. The
plasmonic resonance wavelength Ag nanostructures can be tuned over a large wavelength starting
from the initial irregular nanostructures by the under water irradiation. Furthermore, the quality
factor of the plasmonic resonance can also be significantly improved thus increasing the potential
of using initially irregular Ag nanostructures in applications such as bio sensing.

7.3

Contact angle tuning of Ag nanoparticles

We have explored the effect of surrounding fluids on the contact angle behavior of Ag nanostructures
on quartz substrates. Ag nanostructures heated under under fluids result in nanoparticles with
higher contact angles compared to air, with the glycerol environment producing nearly spherical
particle, that are often only seen on superhydrophobic surfaces. This large variation of contact angles
could be applied to controlling the dipolar plasmonic peak shift and the ratio of quadrupolar to
dipolar peak intensities in plasmonic nanoparticle systems. We found that the dispersive component
of surface energy played a major role in variation of the contact angles calculated with theoretical
equations. Overall, these results show a promising way to tune the contact angles of metallic
nanostructures on a given substrate by heating in various fluids.
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7.4

Explosive vaporization of Ag metallic nanoparticles

We have performed a qualitative study of the formation of nanoparticles under rapid heating of Ag
metallic nanostructures and thin films under various environments. The large fraction of redeposited
material for heating in vacuum suggested that explosive vaporization was the most likely mechanism
for the particle redistribution. Irradiation in fluids such as water and glycerol suggested enhanced
localization as well as higher material loss into the ambient. It was possible to tune the average
particle size by a long time irradiation, with glycerol showing a much higher areal density of particles
than air or water.

7.5
7.5.1

Future work
Thermal annealing inside fluids

Ag nanopyramids annealed in fluids showed significant difference in shape and kinetics. Figure 7.1
shows SEM images of Ag nanopyramids annealed in different fluids after the duration of 2 min.
Annealing in glycerol (Figure 7.1c and f) resulted in more rounded shape and relatively increased
aspect ratio compared to annealing under water (Figure 7.1b and e) or in air (Figure 7.1a and d).
This suggests that morphological changes is glycerol can occur at significantly higher rates than
under water or air.
Optical absorbance spectra reflected the same changes in shape of the nanoparticles where the
of blue shift of the dipolar with annealing in liquids and particularly in glycerol is higher than in air
as shown in the Figure 7.2. These results lead to the question of how thermal annealing in various
fluids affect the kinetics of shape and phase transformation of nanostructures.

7.5.2

Pulsed laser melting of bilayer/multilayer systems under fluids

Bilayer CoAg nanopyramids irradiated with pulsed laser under various fluids are shown in the
Figure 7.3. CoAg nanoparticles produced under (b) air, (c) water, and (d) glycerol are different in
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Figure 7.1: SEM images of Ag nanopyramids (height ~ 20 nm) annealed at 94o C for 2 min in (a)
air, (b) water, and (c) glycerol and corresponding side view in the second row. Scale bar in all
images is 200 nm.
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Figure 7.2: Optical absorbance plots of annealed Ag nanopyramids under various fluids.
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Figure 7.3: SEM images of (a) as-prepared CoAg bilayer nanopyramids and after pulsed lase irradiation under (b) air, (c) water, and (d) glycerol at the laser fluence of 80mJ/cm2 for the duration
of ∼1 s.
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morphology. The role of under fluid on the distribution of Ag and Co and the contact angle on the
substartes need to be studied.

7.5.3

Contact angle tuning: Role of substrate and metal-type

In chapter 4 we demonstrated the contact angle tuning of Ag nanostructures on quartz substrates.
However many interesting questions open out from this work. One is whether this approach can be
applied to other metal-substrate combinations. Another is whether it is possible to tune contact
angle from wetting to dewetting state (i.e. from 0o to 180o ) on any substrate?
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